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Aim: To develop a novel aesthetic resin composite using a nitrogen-doped 
titanium dioxide (N-TiO2) filler that possesses photocatalytic antimicrobial 
properties against cariogenic bacteria. 
Setting: Biomaterials and oral microbiology laboratories, Bristol Dental School. 
Design: In-vitro study to produce an aesthetic composite resin, with long-term 
antimicrobial properties under visible light. This was done by incorporating a 
N-TiO2 filler within the resin. 
Methods: N-TiO2 powder was manufactured by heating commercial TiO2 
with urea. Free radical release from the N-TiO2 powder under visible light 
irradiation was analysed using spectrophotometry. The N-TiO2 powder was incorporated 
into dental resin and the photocatalytic activity assessed using a dye under both visible light 
and dark conditions. Using XTT assay to measure the cellular metabolic activity, the 
antibacterial properties of the N-TiO2 within the resin discs were tested against cariogenic 
bacteria. 
Results: Doping nitrogen into TiO2 resulted in a band gap shift towards the visible light 
spectrum, which enabled the compound to release reactive oxygen species when exposed 
to visible light. When incorporated into dental resin, the N-TiO2 still demonstrated sustained 
release of reactive oxygen species, maintaining its photocatalytic activity and showing an 
antibacterial effect towards Streptococcus mutans under visible light conditions. 
Conclusions: N-TiO2 filled resin showed great promise as a potential aesthetic resin-based 
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The main reason why patients seek orthodontic treatment is to improve their dental 
aesthetics, and it seems the demand for such treatment continues to increase (Bayat et al., 
2017). Recent advances in technology continue to fuel this demand, with orthodontic 
appliances such as clear aligners, lingual fixed appliances and aesthetic labial appliances 
becoming much more acceptable, particularly for adult patients. These are less noticeable 
than conventional metal labial appliances and in some cases are virtually invisible. Despite 
these advances, labial fixed appliances, be it tooth-coloured or metal, are still the mainstay 
orthodontic appliances, and are commonly bonded to the teeth using resin-based 
adhesives. An unwanted side-effect of labial fixed appliances is the formation of white spot 
lesions (WSL) on the enamel surface, and every effort should be made to prevent their 
formation. Unfortunately, most preventative approaches currently available require a 
degree of patient compliance to be successful and a non-compliance approach is likely to be 
more successful.  
 
This review will focus on evaluating the current evidence on white spot lesions, the non-
compliance methods available to reduce their formation, a brief summary on bracket 
materials, dental adhesives, nanotechnology in dentistry and orthodontics, and finally the 







2. REVIEW OF THE LITERATURE 
2.1. White Spot Lesions 
White spot lesions (WSL) are defined as subsurface enamel porosities that arise as a result 
of early carious demineralisation (Summitt et al., 2006). Their formation is a significant and 
unwanted side effect of orthodontic treatment. WSL can present as early as four weeks 
following the placement of orthodontic brackets. The most common teeth to be affected 
are the maxillary lateral incisors, mandibular canines and mandibular second premolars 
(Geiger et al., 1992). They are most frequently found on the labial surfaces of the teeth, 
around the brackets, near the gingival margins and middle third of the labial surface of the 
teeth, and beneath the archwire (Mattousch et al., 2007). The true frequency of WSLs is 
unknown, with reports varying greatly from 2% to 96% (Chang et al., 1997). This could be 
due to the different methods used to detect WSLs, which include visual inspection, 
photography, light-induced fluorescence, and fibre-optic trans illumination. The more 
sensitive quantitative laser technique will yield a higher prevalence rate of WSLs compared 
to visual inspection.  
 
An early study to determine the prevalence of white spot formation after banding and 
bonding reported that 50% of patients undergoing orthodontic treatment would have one 
or more WSL (Gorelick et al., 1982). This high figure should be of concern for patients, 
parents and clinicians, as subsequent research has shown that five years after completion of 
orthodontic treatment lesions may still be visible, with a higher incidence of WSL in affected 
patients when compared to untreated controls (Ogaard et al., 1997). This would suggest 
that once WSLs form, they can be challenging to treat. Based on the results of these studies, 
WSLs are a side effect that the majority, if not all patients, undergoing orthodontic 
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treatment will experience. It is therefore important to focus on effective prevention of this 
unwanted iatrogenic effect of orthodontic treatment. 
 
2.2. Formation of WSLs 
Once an orthodontic appliance has been fitted, there is a rapid shift in bacterial flora in the 
dental plaque, with research showing that the level of Streptococcus mutans (S. mutans) is 
significantly increased (Glans et al., 2003). This increase in the level of cariogenic bacteria 
lowers the resting pH of plaque, such that fermentable carbohydrates found in the dental 
biofilm act as a nutrient source for these bacteria, with acids produced as a by-product. 
These acids will demineralise the hydroxyapatite within the enamel, leading to a change in 
the porosity, mineral content and surface shine. These changes will directly affect the 
refractive index of the tooth surface, leading to the visual opacity that is seen as a white 
patch (Gorelick et al., 1982).  
 
2.3. Factors associated with WSLs in orthodontic patients 
The components of the orthodontic fixed appliance act as plaque retentive surfaces, making 
mechanical removal of plaque by patients difficult. During appliance placement, it is crucial 
that the operator removes any excess adhesive around the bracket base periphery at the 
time of initial bond up, in order to remove stagnation areas. This is not always easy to 
achieve, but is important since scanning electron microscopy has shown that mature plaque 
biofilm is present on the composite adhesive adjacent to the orthodontic bracket base as 
early as 2-3 weeks after bonding (Sukontapatipark et al., 2001). Excess composite is 
therefore an important predisposing factor to plaque accumulation. Due to the difference in 
coefficient of thermal expansion between the tooth and composite (Asmussen, 1985), and 
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the polymerisation micro shrinkage of the composite resin upon curing (Lee et al., 1986), a 
10 m gap width between the composite-enamel junction at the base of the bracket is 
sometimes formed. This gap can act as a zone of plaque accumulation. In addition to these 
factors, patients requiring orthodontic treatment, by their very nature, are the ones most 
likely to have malpositioned teeth, which in combination with the fixed appliance, may 
make effective oral hygiene challenging to perform. 
 
2.4. Patient dependent methods in the prevention of WSLs 
Before commencing orthodontic treatment, it is vital that patients understand the 
associated risks and how they might reduce them. Prevention begins by implementing a 
good oral hygiene regimen through correct tooth brushing and the use of a fluoridated 
toothpaste. Orthodontic patients are regularly reviewed every six weeks, allowing clinicians 
to monitor the standard of their oral hygiene. Periodic reinforcement is often required in 
order to re-motivate patients with poor compliance. In addition, it is recommended that a 
daily fluoride mouth rinse (0.05% NaF-) is used (Marinho et al., 2016), and at a different time 
to tooth brushing. The exposure of enamel to fluoride during orthodontic treatment 
reduces decalcification (van der Linden and Dermaut, 1998), but relies heavily on patient 
compliance. The patients that are most at risk of getting WSLs are also those least likely to 
adhere to additional preventative methods. 
 
2.5. Non-compliance methods to prevent WSLs 
Alternative non-compliance methods to prevent the formation of WSLs have been 




Dental caries is the net result of consecutive cycles of de- and remineralisation of the dental 
hard tissues, and is a dynamic process involving the flow of calcium and phosphate to and 
from the enamel (Fejerskov and Kidd, 2008). Fluoride is thought to have a preventative 
effect on WSL through its effect on this demineralisation and remineralisation process. 
 
The mineral component of enamel comprises mainly calcium-deficient carbonate 
hydroxyapatite, which is more soluble than pure calcium hydroxyapatite (LeGeros and Tung, 
1983; Featherstone et al., 1990; Kautsky and Featherstone, 1993). Fluoride is thought to 
reduce the amount of this more soluble, mainly calcium-deficient carbonate hydroxyapatite, 
through ionic exchange, with fluoride ions replacing the hydroxyl ions and creating a more 
stable fluoroapatite structure. Complete substitution of the fluoride into the crystal 
structure produces fluoroapatite. However, it is thought only 10% of the available fluoride 
can be incorporated in the enamel surface in this way (Margolis and Moreno, 1990). 
Nevertheless, fluoride in concentrations as low as 1 part per million (ppm) can lessen or 
inhibit enamel demineralisation (Margolis and Moreno, 1990), by providing improved 
protection against acid dissolution of the enamel prisms.  
 
When the environment surrounding the enamel falls below the critical pH of 5.5, as occurs 
in dental plaque, it results in the diffusion of calcium and phosphate ions out of the enamel 
surface and into the oral environment. As the pH returns above 5.5, re-adsorption of these 
ions back into the tooth surface can occur, allowing the damaged crystals to be repaired, 
and in a form that is even more resistant to further acid attack (ten Cate and Featherstone, 
1996). The continued presence of fluoride in the solution or biofilm surrounding the 
 17 
hydroxyapatite crystals at this time is important, as it enhances this remineralisation 
process. The fluoride will be adsorbed to the surface of the demineralised crystals and will 
attract the calcium and phosphate ions, which will then be incorporated into the 
remineralised surface.  
 
Although fluoride has a direct effect on demineralisation/remineralisation as outlined, it 
may also have a possible indirect effect through its mode of action on the bacteria involved 
in dental caries. At a low pH, fluoride diffuses into the bacterial cell wall as weak 
hydrofluoric acid (HF). Once inside the cell, HF will dissociate into H+ and F- ions. The 
continued diffusion and dissociation of H+ ions lead to the acidification of the cytoplasm, 
which will have a negative effect on enzyme activity. Furthermore, the accumulation of 
fluoride ions interferes with enolase enzyme activity, inhibiting the carbohydrate 
metabolism of the cariogenic bacteria (Rosin-Grget et al., 2013). 
 
There are two principal methods of fluoride delivery to orthodontic patients that can be 
utilised during a course of treatment (Benson et al., 2005). The first is topical application 
e.g. a fluoride containing gel, mouth rinse, varnish, or toothpaste. A systematic review 
found moderate quality evidence that the application of fluoride varnish every six weeks can 
reduce the formation of WSLs by up to 70% (Benson et al., 2013). However, varnishes can 
be easily abraded and removed by tooth brushing and oral function within just a few days of 
application (Demito et al., 2004). The second method is through the use of fluoride releasing 
materials, such as elastic modules or adhesives, and will be discussed in a later section. 
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Due to a paucity of good quality trials, there are no firm recommendations as to the best 
method or combined methods of fluoride delivery during a course of orthodontic 
treatment. Given this, the daily use of a 0.05% fluoride mouth rinse and a fluoridated 
toothpaste are suggested until enough high-quality evidence becomes available to suggest 
otherwise (Marinho et al., 2016). 
 
2.5.2. Chlorhexidine (CHX) varnish 
Chlorhexidine gluconate (CHX) is an antimicrobial that works by binding to negatively 
charged bacterial cell walls, altering the permeability and causing fluid to leak intracellularly. 
The stability of the osmotic balance of the cell wall is affected, which ultimately leads to 
lysis and cell death. CHX has been extensively studied for the past four decades, primarily in 
its ability to prevent gingivitis. It is bacteriostatic at low concentrations and bactericidal at 
higher concentrations (Puig Silla et al., 2008). 
 
CHX is a broad-spectrum antimicrobial and can effect Gram-positive and Gram-negative 
bacteria, fungi, and yeasts, which makes it a unique antiseptic for controlling microbial 
populations (Emilson, 1977; Marsh, 1993). However, the length of any effect will be 
modified intra-orally by the presence of saliva and the continuous movement of the oral 
membranes. 
 
There are a number of methods available to deliver CHX intraorally including mouth rinses, 
gels, sprays, chewing gum, dentifrices and varnishes (Olympio et al., 2006). CHX varnishes 
require a professional application and are therefore not reliant on patient compliance. In 
addition, it offers a method of application that is site specific.  
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The antimicrobial properties of CHX not only act on periodontal pathogens, but also 
cariogenic bacteria such as S. mutans and S. sobrinus (Jarvinen et al., 1995). Several articles 
have been published on the efficacy of CHX varnish against S. mutans. Most studies 
concluded that CHX has a suppressive and inhibitory effect towards S. mutans (Epstein et 
al., 1991; Sari and Birinci, 2007; Evans et al., 2015). It is expected that this inhibitory effect 
would prevent or at least reduce the formation of WSLs. However, a split-mouth trial found 
that even though the proportion of S. mutans was low in plaque following the application of 
CHX varnish, there was no significant difference in the incidence of WSLs around the 
brackets and gingival margins of patients with fixed appliances, when compared to a 
placebo (Twetman et al., 1995).  
 
A recent systematic review, evaluating 11 articles on the effectiveness of CHX varnish in 
patients with fixed appliances, found only weak evidence to suggest it is an effective 
antimicrobial agent against S. mutans when used at intervals of 3-4 weeks (Tang et al., 
2016). Furthermore, side effects such as staining, taste impairment and mucositis may 
affect patients’ compliance and acceptance of its application (Matthijs and Adriaens, 2002). 
 
2.5.3. Chlorhexidine-releasing glass ionomer cement (GIC) 
The antimicrobial effect of incorporating chlorhexidine into GIC restorative materials and 
luting cement has also been investigated (Ribeiro and Ericson, 1991; Hoszek and Ericson, 
2008). Studies showed that CHX has an inhibitory effect on S. mutans, which is dose 
dependent. The addition of 10% and 18% CHX to GIC, increased antimicrobial properties 
against S. mutans with the inhibition zone at the higher concentration being larger (Farret et 
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al., 2011). Despite this, it was not clear if the long-term effect of chlorhexidine would be 
maintained, as the experiment was done over a period of only 65 days.  
 
2.5.4. Casein phosphopeptide-amorphous calcium phosphate (CPP-ACP) 
The use of CPP-ACP nanocomplexes is a technology based on ACP stabilised by casein 
phosphopeptides (CPP) (Cross et al., 2005). It is a milk based product that can be used to 
effectively deliver calcium and phosphate ions to the tooth surface, promoting enamel 
remineralisation and helping to prevent dental caries (Reynolds, 1998). As well as the CPP-
ACP binding readily to the surface of the tooth, it can infiltrate the salivary pellicle and 
inhibit the adherence of S. mutans. An acidic environment is required to allow the ions to 
diffuse into the enamel subsurface. Therefore, under acidic conditions CPP-ACP localised to 
the tooth surface is able to release free calcium and phosphate ions into plaque, thereby 
providing a supersaturated environment that inhibits enamel demineralisation and 
promotes remineralisation. 
 
CPP-ACP can be delivered via different methods, including chewing gum (Morgan et al., 
2008), mouth rinses (Reynolds et al., 2003), lozenges (Cai et al., 2003), and dentifrices.  
 
The addition of 2% CPP-ACP to a 1100 ppm fluoride dentifrice increases enamel subsurface 
remineralisation by 156% relative to that produced by 1100 ppm fluoride alone. The use of 
fluoride toothpaste along with CPP-ACP containing dentifrice, has proved to be beneficial in 
reducing the white spot lesions around orthodontic brackets (Sudjalim et al., 2007). 
Although this may seem promising, CPP-ACP containing dentifrice is expensive and for this 
reason is not widely available. 
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Xylitol chewing gum containing CPP-ACP has been found to produce a dose-related increase 
in enamel remineralisation (Shen et al., 2001). Furthermore, a randomised, double-blind 
crossover in-situ study concluded that CPP-ACP containing chewing gum produces 107% 
greater remineralisation of enamel than sugar-free non-CPP-ACP containing gum (Manton 
et al., 2008). Even though CPP-ACP can be found in commercial products, it is not suitable to 
be used as a filler in restorative materials due to insufficient and equivocal evidence 
supporting its clinical use (Braga et al., 2019).  
 
The incorporation of ACP as bioactive filler in orthodontic bonding resin has also been 
tested as a means of delivering calcium and phosphate ions to the enamel surface around 
orthodontic brackets. After an acid challenge, the material has the potential to self-activate 
in a low pH environment by releasing calcium and phosphate ions, which are then deposited 
into the tooth structure as an apatite mineral, similar to the hydroxyapatite found in enamel 
(Uysal et al., 2010). An in-vivo study comparing the micro hardness of the enamel around 
brackets bonded to teeth using either an ACP containing orthodontic adhesive or 
conventional composite resin adhesive found that the former reduces enamel 
decalcification in patients with poor oral hygiene (Uysal et al., 2010). However, this was a 
short 30-day study with no data on the long-term release of the calcium and phosphate ions 
from the ACP containing adhesive. In addition, another study found the observed bond 
strength of the ACP containing adhesive to be significantly weaker than conventional resin 
adhesives (Foster et al., 2008), which may be a potential limitation. Currently, there is 
insufficient clinical trial data to make a recommendation on the long-term effectiveness of 
CPP-ACP containing adhesives during orthodontic treatment. 
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2.5.5. Laser therapy 
Irradiation of enamel with high power argon or CO2 lasers can alter the surface morphology 
and composition of the enamel, making it more caries resistant. The calcium-phosphate 
ratio is modified, leading to the formation of more stable and less acid-soluble compounds. 
The CO2 laser is able to control mineral loss of the enamel at the same level as those 
obtained with fluoride alone (Sadr Haghighi et al., 2013). Furthermore, an in-vivo 
investigation on 65 human teeth used to study the effect of the CO2 laser found that enamel 
demineralisation was prevented even after repeated acid challenges due to surface 
rehardening (Paulos et al., 2017). However, there are some conflicting findings about the 
use of lasers for enamel surface modification (von Fraunhofer et al., 1993; Ying et al., 2004). 
SEM of treated enamel revealed that lased areas had melted, and the surface had been 
thermally degenerated. This raises the concern that high-energy laser irradiation may cause 
a temperature rise (above 1000oC) that could have untoward thermal effects on the 
underlying dentine/pulp. This is to say nothing of the cost of the laser and the time required 
to use it. 
 
2.5.6. Elastomeric ligatures containing antimicrobial agents 
Elastomeric ligatures are changed frequently throughout a course of orthodontic treatment 
and as such have been considered as a means of antimicrobial delivery that does not rely on 
patient compliance. An in-vivo trial to investigate the effect of fluoridated elastomeric 
ligatures on the population of cariogenic bacteria, found that fluoride releasing elastomers 
were poor in controlling bacterial growth after a clinically relevant period of six weeks. In 
addition, the difference in mean mineral loss (vol %. μm) between enamel exposed to 
fluoridated elastomeric ligatures (477.2 SD 298.4) and non-fluoridated elastomers (599.3 SD 
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515.4) was considered to be both statistically and clinically insignificant (Doherty et al., 
2002). This could be due to the short-term nature of fluoride release, as another study 
reported that 88% of the active agent had leached out by the end of the second week of 
orthodontic treatment (Wiltshire, 1996).  
 
Chlorhexidine (CHX) has also been used as the active agent within elastomeric materials 
(Jeon et al., 2015), and although the rapid release of CHX was demonstrated for the first 24 
hours in the case of all samples, there was no significant release after 48 hours. More 
recently, a laboratory study by Kamarudin (2017) found sustained CHX release of up to 57 
days when the CHX was combined with hexametaphosphate in an elastomeric material. 
  
Although there are commercially available stannous fluoride releasing elastomeric ligatures 
currently on the market (Fluor-I-Ties by Ortho Arch Company Inc), elastomeric containing 
active agents have not gained widespread acceptance, due not only to a lack of sustained 
release of active agents, but also due to changes in their physical properties when combined 
with antimicrobial agents (Wiltshire, 1996).  
 
2.6. Orthodontic adhesives 
Orthodontic adhesives are used to bond brackets, tubes and auxiliary attachments to the 
teeth. These adhesives should enable the brackets to stay bonded to teeth for the duration 
of treatment and allow easy debond when needed, and without causing damage to the 
enamel or discomfort to the patient (Rock and Abdullah, 1997; Klocke et al., 2003). The 
introduction of new materials in recent years has blurred the line between materials 
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traditionally used for banding and those used for bonding. Currently available materials 
used as adhesives in orthodontics include: 
• Diacrylates 
• Glass polyphosphonate cement 
• Glass polyalkenoate cement (GIC) 
• Resin-modified glass ionomer cement (RMGIC) 
• Polyacid-modified resin composites (Compomers) 
 
2.6.1. Diacrylates 
Buonocore first described the technique for dental bonding in 1955, but it was not until 
1969 that this technique was used in combination with diacrylate resin to bond orthodontic 
attachments (Newman, 1969). Diacrylates consist of monomers, such as methyl 
methacrylate, which undergo free radical addition polymerisation on activation and 
initiation. The term composite is used when fillers are added to the resin, which usually 
comprises at least 50% by weight of the material (van Dijken, 1987). These filler particles 
alter the physical and thermal properties of the material by reducing the coefficient of 
thermal expansion, reducing polymerisation shrinkage and by increasing the abrasion 
resistance of the final product. These properties are useful if the composite is used as a 
filling material. However, the advantage if used in thin section underneath orthodontic 
brackets is questionable, although the use of fillers does improve the handling 
characteristics by improving the viscosity to the benefit of the orthodontist. The setting 
mechanisms if used as a bonding agent can either be chemical, light, or dual cured (Ireland 
and McDonald, 2003) (Table 1). 
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Setting Mechanism Description 
Chemical cured Twin Paste 
• Activator and initiator in separate pastes. 
• Free radical reaction initiated as pastes are mixed. 
No-mix 
• Initiator painted by the operator on the tooth surface and 
bracket base. 
• Composite resin containing activator is applied to bracket base. 
• Rapid polymerisation takes place as bracket is pushed onto 
tooth surface. 
Light cured • Light sources (halogen, plasma arc, and LED) with wavelengths 
between 440-480nm activate the photo initiator, usually 
camphorquinone, in the composite resin to initiate free radical 
polymerisation. 
Dual cured • Can be cured chemically and with light exposure. 
• Less commonly used in orthodontics. 
 
Table 1. The different setting mechanisms of diacrylates (Ireland and McDonald, 2003). 
 
2.6.2. Cyanoacrylates 
Researchers have long since been searching for an adhesive with a simplified bonding 
technique, capable of producing an effective bond with enamel that will last a course of 
orthodontic treatment, but that is also easy to debond at the completion of treatment. 
Cyanoacrylate, or super glue, is a single component adhesive, which can polymerise at room 
temperature without an additional catalyst, when in contact with only the smallest amount 
of moisture. This is known as anionic addition. Studies investigating the bond strength of 
cyanoacrylates in orthodontics found this adhesive not only to have poor performance 
compared with conventional diacrylic bonding agents, but that it was unstable after 
continuous exposure to moisture, making it unsuitable for clinical use (Howells and Jones, 
1989; Crabb and Wilson, 1971; Al-Munajed et al., 2000). A more recent clinical trial 
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confirmed this, with bond failure rates as high as 55.6% after just 12 months of treatment, 
compared with a failure rate of 11.3% for conventional composite resin (Le et al., 2003). 
 
2.6.3. Glass polyalkenoate cement (GIC) 
Commonly known as glass ionomer cement (GIC), this adhesive was introduced by Wilson 
and Kent in 1972. There are two main components that make up this material. These are: 
i. Organic acid in liquid form, such as polyacrylic acid and polymaleic acid. 
ii. Ion leachable glasses in powder form, namely calcium aluminofluorosilicate. 
When the powder and liquid are combined an acid-base reaction takes place. This can be 
described in four stages (Khoroushi and Keshani, 2013): 
i. Dissolution stage 
• The acids interact with the surface of the glass particles to release metallic 
cations from the glass. 
ii. Gelation stage 
• The Ca2+ cations bind to the carboxylate groups to form calcium polyacrylate 
chains, which begin to change the consistency of the mixture. 
iii. Hardening 
• Progression of the reaction results in Al3+ ions becoming incorporated into the 
gel resulting in crosslinking of the polymer chains. 
iv. Maturation 
• Much of the strength of the GIC is achieved after 24 hours. However, as the 
reaction continues, the bond strength increases due to continuous diffusion of 
the cations. 
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A well-known advantage of the cement is its fluoride releasing property, which increases 
soon after bonding or banding. Although fluoride release falls rapidly and is not maintained 
over time, decalcification rates beneath the brackets or bands have been reported to be 
lower when compared to zinc phosphate cement (Kvam et al., 1983). However, this is not a 
universal finding, with more recent research comparing conventional GIC and zinc 
phosphate showing no statistically or clinically significant difference in the incidence of 
decalcification between the two cements when used for banding (Galarraga and Croce, 
2003). 
 
2.6.4. Glass polyphosphonate cement 
This adhesive material uses a different acid component, namely polyacrylic acid. It sets 
more rapidly than conventional GIC (Ellis et al., 1991; Clark et al., 2003) and has a lower 
solubility and higher translucency. An in-vivo study found band failure rates to be 
comparable with conventional GIC, and when taste was investigated patients preferred the 
glass polyphosphonate cement, even though statistically there was no significant difference 
between it and the conventional GIC (Clark et al., 2003). Despite this advantage, there is 
currently limited evidence to suggest that glass polyphosphonate cement reduces 
decalcification in the orthodontic patients. 
 
2.6.5. Resin-modified glass polyalkenoate cement (RMGIC) 
RMGIC is a hybrid material of conventional GIC with approximately 10% resin, namely HEMA 
(hydroxyethyl methacrylate) (Smith, 1998). As a result, it exhibits properties of both 
materials (Kumar and Kumari, 2016). When the powder and liquid are mixed, the cement 
sets by three reactions; acid-base, light cured polymerisation and chemical self-curing. The 
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acid-base reaction is similar to that of conventional GIC. Resin polymerisation is initiated on 
exposure to the light and the HEMA forms polyHEMA chains. This resin can also set by 
chemical polymerisation due to the intrinsic redox reaction and will auto-cure over time 
(Banerjee et al., 2003). Clinical examples include Fuji II LC, Vitremer and Ketac Nano.  
 
Advantages of RMGIC over conventional GIC include a long working time but rapid set by 
photocuring when required, and a more tolerant effect towards moisture due to the rapid 
development of early strength (Cook and Youngson, 1989; Chan et al., 1990). 
 
RMGIC has the potential to inhibit cariogenic bacteria due to its fluoride releasing properties 
similar to conventional GIC. However, a recent multicentre randomised clinical trial found 
that bonding with RMGIC did not reduce the incidence of demineralisation in patients who 
had fixed orthodontic appliances compared to those bonded with composite adhesive. Out 
of the 173 participants, only 42 were judged to have developed new WSLs after treatment, 
with occurrence higher in the RMGIC group by 21%. Even so when both groups were 
compared, the difference was not statistically significant (Benson et al., 2019).  
 
Additionally, an in-vitro study found no association between fluoride release from RMGIC 
and any long–term effect on bacterial viability (Fischman and Tinanoff, 1994). The peak 
antimicrobial activity against S. mutans occurred immediately after the material had set. 
However, with increasing time bacterial growth inhibition decreased. The authors suggested 




Similarly, in another study, the number of S. mutans colony-forming unit (CFU) was found to 
be smaller in plaque surrounding orthodontic brackets bonded with RMGIC than in plaque 
adjacent to brackets bonded with resin-based composite on the 15th day after placement of 
fixed appliance (Mota et al., 2008). However, the inhibition effects of the RMGIC diminished 
over time, with increasing bacterial growth noted on days 30 and 45. The above studies 
suggest that antimicrobial activity only occurs in the initial phase and has no long-term 
cariostatic effect. 
 
2.6.6. Polyacid-modified resin composites (Compomers) 
Compomers are hybrid materials that provide the combined benefits of composites and 
glass ionomers. Unlike RMGIC, they do not bond to hard tooth-tissues, therefore should not 
be classified as glass ionomers. The primary setting reaction is by free radical addition 
polymerisation. Once the resin component has cured, water is absorbed into the material 
initiating the delayed acid-base reaction of the polyalkenoate glass particles. The flexural 
strengths are said to be better than RMGIC, but not as good as conventional resin adhesives 
(el-Kalla and Garcia-Godoy, 1999; Abu-Bakr et al., 2000). In another study, it was reported 
that the survival rate of brackets bonded with compomer was comparable to resin 
adhesives (Millett et al., 2000). Moreover, there was a statistically significant difference in 
decalcification of teeth at debond, with compomer (20%) producing less white spot lesions 
on labial surfaces of teeth compared to resin adhesive (26%). Despite this potential 




To date the evidence supporting the role of any one type of non-compliance method to 
reduce the incidence of WSL is limited.   
 
2.7. Orthodontic brackets 
Metallic brackets have been used most frequently in fixed orthodontic treatment, with the 
majority being stainless-steel of various grades (Maijer and Smith, 1982). The grey metallic 
colour makes this bracket material unpopular among adult patients. Apart from aesthetics, 
nickel contained in the brackets has the potential to elicit nickel allergy in some individuals 
(Rahilly and Price, 2003). The issue of nickel sensitivity has led to the introduction of 
alternative materials such as cobalt chromium and titanium as bracket materials. Cobalt 
chromium brackets contain about 0.5% nickel compared to 8-10% in stainless-steel brackets 
(Mihardjanti et al., 2017). On the other hand, titanium brackets have 0% nickel, are 
biocompatible, non-allergenic and resistant to corrosion (Gioka et al., 2004). Despite this, 
stainless steel is still the most frequently used metallic bracket material. 
 
Plastic or polymeric brackets were introduced in the 1970s as an aesthetic alternative to 
metal brackets (Russell, 2005). Unfortunately, such brackets are really only suitable for very 
short courses of orthodontic treatment. This is primarily due to their low abrasion resistance 
and therefore increased wear, such that tie wings maybe lost relatively early on during 
treatment. However, they also demonstrate a low stiffness and a tendency to creep under 
continuous loading, both of which can lead to problems with a lack of torque transfer 
(Reynolds, 2016).  
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Another type of aesthetic bracket material is ceramic. This can exist in either the 
polycrystalline or monocrystalline form (Bishara and Fehr, 1997). Although ceramic 
orthodontic brackets have good aesthetic properties and do not distort under normal 
clinical loading, there have been issues with the strong bond seen at the bracket-adhesive 
interface, which increases the risk of damaging the tooth surface during the debonding 
process (Bishara et al., 1994). This has led to bracket manufacturers altering the bonding 
base to reduce this risk. 
 
2.8. Microbial profile of different bracket materials 
An orthodontic fixed appliance, once fitted, encourages plaque accumulation, leading to  
increased S. mutans colonisation and subsequent decrease in pH in the tooth-plaque 
microenvironment, all of which can ultimately result in WSL and caries formation 
(Balenseifen and Madonia, 1970; Mizrahi, 1982). Bracket materials may play an important 
part in salivary pellicle formation and microbial attachment, but currently limited research 
has been done on the plaque retaining capacity of different types of brackets.  
 
Salivary pellicle is a thin acellular film that is not limited to tooth surfaces. It can form on any 
surface including cementum, oral mucosal epithelium (Bradway et al., 1989), dental 
restorations (Shahal et al., 1998), implants (Edgerton et al., 1996) and orthodontic 
attachments (Lee et al., 2001). Proteins commonly found in salivary pellicle, including 
proline-rich proteins, α-amylase, MG1, and secretory IgA, are known receptors for bacterial 
adhesion (Hannig, 2002). The physical and chemical nature of the materials in the mouth 
such as the brackets, elastomers and adhesives will all affect the nature of salivary protein 
 32 
adsorption, which in turn affects the binding affinity of selected microorganisms to the 
surface of the material.  
 
There is conflicting evidence on the relationship between bracket materials and oral 
bacteria adhesion. For example, one study found that stainless steel, with its high surface 
energy, exhibited an increased potential for microbial adhesion, which in turn leads to an 
increased plaque retaining capacity when compared to polycarbonate and ceramic brackets 
(Eliades et al., 1995). Conversely, others have reported plastic (Ahn et al., 2007) or ceramic 
brackets (van Gastel et al., 2009) exhibit greater bacterial adhesion. Meanwhile, Anhoury et 
al. (2002) concluded there was no significant difference in microbial profiles between 
different bracket types.  
 
Overall, it is interesting to note the variability of outcomes from different studies. These 
experiments were mainly done in-vitro under simulated conditions, and with varying 
methodologies and therefore cannot be accurately extrapolated to an in-vivo setting. 
However, a knowledge of microbial profiles on different materials would allow us to 
fabricate appliances capable of interrupting the colonisation of cariogenic bacteria and 
hopefully reduce the incidence of WSL. 
 
2.9. Nanotechnology 
Nanotechnology is a branch of science which deals with particles less than 100nm in at least 
one dimension (Bhardwaj et al., 2014) and was first described by Richard Feynman in 1959. 
It is a discipline which integrates many traditional subjects such as physics, chemistry, and 
materials science.  
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There are two main approaches to nanotechnology (Iqbal et al., 2012). The ‘Top-Down’ 
approach, which involves fabrication of nanostructures by physically or chemically breaking 
down larger materials, for example through the process of milling, chemical vapour 
deposition or lithography. This approach has been used to produce various nanoscale 
coatings to improve functionality. An example would be the production of ultra-thin 
diamond-like coatings over vascular stents via chemical vapour deposition, in order to help 
improve biocompatibility and blood flow (Martinez and Chaikof, 2011).  
 
Conversely, the ‘Bottom-Up’ approach creates material from the nanoscopic scale, atom-by-
atom or molecule-by-molecule. Bottom-up processing is based on extremely organised 
chemical synthesis and growth of materials. It is more advantageous than the top-down 
approach because there is a better chance of producing nanostructures with fewer defects 
and with a more homogenous chemical composition.  
 
At the nanoscale, materials may behave differently physically, chemically and biologically 
(Murph et al., 2017). As a result, this can alter the bulk properties of a material, giving it for 
example, improved wear resistance or bactericidal properties. Perhaps not surprisingly, this 
has led to an interest in the potential application of nanoparticles in the fields of both 
medicine and dentistry (Mohamed Hamouda, 2012). Currently, nanomaterials are used 
widely for a range of medical applications, such as drug delivery, imaging to detect tumours 
and molecular diagnosis (Riehemann et al., 2009). In dentistry, active research on 
nanomaterials has led to the production of various dental applications and these will now 
be described.  
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2.9.1. Nanotechnology in dentistry 
The concept of nanotechnology in dentistry is not uncommon. Currently, several 
nanotechnology approaches are being applied. In restorative dentistry, the discovery of 
nanotechnology has led to the production of nanocomposites with less polymerisation 
shrinkage, higher strength and micro hardness and with improved aesthetics due to a better 
polishing ability (Bhardwaj et al., 2014). An example of such a nanocomposite currently on 
the market is Filtek Supreme Universal by 3MTM. 
 
Calcium phosphate is another example of a nanoparticle which has self-healing and 
antimicrobial properties. This nanomaterial has been incorporated into a composite and the 
results were promising with reduced bulk fracture and reduced secondary caries formation 
(Wu et al., 2015). However, the long-term antimicrobial effects were unclear. 
 
In managing dentine hypersensitivity, the exposure of dentinal tubules can result in the 
movement of dentinal fluids due to thermal and osmotic factors. Using nanotechnology, 
carbonate-hydroxyapatite nanocrystals, which have the same structure as dentine, can be 
used to coat the exposed tubules and thereby reduce sensitivity (Matthias et al., 2013). 
 
Within endodontics, an effort has been made to produce an obturation material which has 
good thermal, mechanical and antimicrobial properties, by incorporating bioactive glass 
nanoparticles within the gutta percha mix. Root canal sealing was enhanced by the moisture 
expansion brought about by the bioactive glass nanoparticles within the gutta percha 
polymer (Mohn et al., 2010). 
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2.9.2. Nanoparticles in orthodontics 
In the manufacture of coatings on orthodontic archwires, nanoparticles have been used in 
an attempt to reduce the friction produced during orthodontic tooth movement. Fullerene-
like nanoparticles, known for their lubricating properties, have been used to coat 0.019”x 
0.025” stainless steel archwires, with the aim being to reduce friction between the archwire 
and bracket (Redlich et al., 2008). The results of the laboratory tests showed a substantial 
reduction in the static friction at slot-wire angles of 0o, 5o and 10o. However, the authors 
failed to mention whether there were any changes in the dimensions of the archwires 
following coating that might affect the degree of play of the archwires in the bracket slot. 
Exfoliation of the nanoparticles occurred as the load at the edges of the slot increased, and 
it was unclear if this might result in any toxicity or sensitivity issues as a result of potential 
exposure to the free nanoparticulate fullerene. 
 
In order to harness any potential antimicrobial properties of nanoparticles in orthodontics, 
two approaches have been suggested (Borzabadi-Farahani et al., 2014), namely:  
• Incorporation of nanoparticles within the orthodontic adhesives 
• Coating the surfaces of orthodontic appliances with nanoparticles 
 
With the former approach, it is vital the physical and chemical properties of the nano-
modified adhesives are not compromised. In one example, fluorapatite and 
hydroxyfluorapatite nanoparticles have been added to resin-modified glass ionomer cement 
to improve long-term fluoride release (Lin et al., 2011). This study found that higher levels 
of fluoride were released throughout the experimental period of 70 days. However, this was 
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at the expense of a significant reduction in shear bond strength, which was considered to be 
at the lower limit of what might be acceptable for orthodontic bracket bonding.  
 
Silver has long been recognised for its antimicrobial activity, indeed as early as 335 BC, 
during the rule of Alexander the Great, silver vessels were used to store and purify water 
(White, 2001). The addition of silver nanoparticles to composite adhesives has 
demonstrated improved antimicrobial properties, without compromising the observed bond 
strength of the cement. However, a limitation of such materials is their grey colouration, 
which would be a problem when used beneath aesthetic orthodontic brackets (Ahn et al., 
2009). 
 
Antimicrobial activity has been tested on orthodontic brackets sputtered with N-TiO2 using a 
magnetron (Cao et al., 2013). When tested against microorganisms such as S. mutans, 
Lactobacillus acidophilus, Actinomyces viscous and Candida albicans, the results showed 
high antimicrobial activity and reduced bacterial adherence, particularly with S. mutans. 
Even though demineralisation and gingivitis can potentially be prevented, the problem with 
any antimicrobial coating, including of N-TiO2, is that the coating will most likely be lost over 
time.  
 
Nanoparticles incorporated into the bulk of a material are likely to show the greatest 
promise. However, it is vital both the physical and chemical properties (e.g., bond strength, 
aesthetics, biocompatibility) of such a nano-modified material are not compromised, and 
that any antibacterial activity is maintained over time.  
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All of the above-mentioned studies have common limitations, namely that they have been 
carried out under laboratory conditions and lack long-term performance data.  
 
2.9.3. Safety of nanotechnology 
Nanotechnology has come a long way since it was first introduced and the potential for 
clinical applications appears real. However, various concerns have been raised regarding the 
uncertainty on the health hazards of nanomaterials. The potential for nanotechnology to 
improve clinical performance is basically due to the large surface area to volume ratio of 
such small materials. However, their small size also means they may potentially be absorbed 
through skin, lungs and digestive tract (Xia et al., 2009). Accordingly, they have the potential 
to be retained in the body for years. Although currently there is no evidence of adverse 
toxicity reactions in humans, animal experiments have shown otherwise. In fact, a study on 
mice demonstrated that the inhalation of carbon nanotubes had a similar effect to the 
inhalation of asbestos (Poland et al., 2008). Such particles are capable of activating pro-
inflammatory effects that can lead to respiratory pathology. Moreover, nanoparticles can 
interact with the DNA, RNA and intercellular components altering their function and causing 
mutations (Singh et al., 2013).  
 
Various safety programs have been set up around the World to address the concerns 
regarding nanomaterials. In the UK, the Nanosafe Initiative was established with the mission 
of:  
 
“…providing the highest quality expertise to help nanotechnology emerge and develop on a 
safe and sustainable basis, maximising its commercial potential, through a continuous 
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development and improvement of our knowledge, equipment and practice.” (SafeNano, 
2017). 
 
Nanotechnology is a relatively new field. Therefore, there is a lack of long-term data on how 
it might harm human tissues and organs following long-term exposure. Insight on the 
potential threats and toxicity to humans can only be achieved by a fundamental change in 
approach from clinical trials in animals, to in-vivo testing on human beings. 
 
2.10. Titanium dioxide (TiO2) 
The photocatalytic activity of TiO2 under UV light has attracted increasing attention from 
researchers in various fields. TiO2 is an example of a naturally occurring semiconductor and 
its light scattering property is utilised in industries and consumer products that require 
brightness and opacity (Zaleska, 2008). These include, but not limited to paints, plastics, 
rubber, cosmetics and even food and pharmaceutical supplements.  
 
TiO2 in the nanoparticle form is commonly used as a support material for photocatalytic 
applications such as the decontamination of harmful gas emissions (Peral et al., 1997), 
disinfection of air and water (Crittenden et al., 1997), self-cleansing glass or windows (Xu et 
al., 2016) and biomedical applications (Rupp et al., 2010).  
 
Structurally, TiO2 has three different crystal forms: rutile, anatase and brookite. Rutile and 
anatase are commonly used in photocatalysis, with higher photocatalytic activity being 
demonstrated by anatase. Although some studies have suggested that a mixture of rutile 
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and anatase is more photocatalytically active than pure anatase (Bacsa and Kiwi, 1998; 
Muggli and Ding, 2001a; Muggli and Ding, 2001b; Ohno et al., 2001). 
 
On exposure to UV light, TiO2 will generate reactive oxygen species (ROS), which in turn 
leads to the decomposition of organic compounds. In this way, it demonstrates antibacterial 
properties towards a large number of bacteria, as well as being effective against fungi, 
algae, protozoa and mammalian viruses (Cai, 2013).  
 
Ever since the discovery of UV light-induced water splitting by TiO2 in 1972, a considerable 
number of studies have investigated the properties of TiO2 (Fujishima and Honda, 1972). 
However, this photocatalytic property is not without its own set of challenges. Due to the 
wide band gap energy of TiO2, this photocatalytic activation will only take place in the 
presence of UV light. The band gap is the energy required to promote an electron from the 
valence band to the conduction band when excited. The band gap for TiO2 ranges from 3.0 
eV to 3.2 eV depending on the composition of the crystal structure. This means that on 
exposure to UV light with an approximate wavelength of 385 nm, the photocatalytic 
property of TiO2 can be activated. The electrons are then free to migrate, leaving a 
positively charged hole. These holes and free electrons are mobile. Two things can happen 
following this reaction. The positively charged holes and free electrons can recombine, 
thereby releasing heat, or they can migrate to the surface of the crystal where redox 
reactions can occur with various organic substances. This interaction with surface molecules 
will generate ROS, namely the hydroxyl radicals, hydrogen peroxide and superoxide radicals. 
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These photocatalytic properties of TiO2 cannot be utilised effectively as UV light is needed 
to produce the ROS. UV radiation is widely recognised for its harmful effects on human skin 
which has led to the limited use of TiO2 indoors or in dentistry applications. Therefore, in 
order to take the photocatalysis process toward sustainability, it is necessary to 
manufacture a material which can be activated by visible light. In order to achieve this, the 
band gap of TiO2 has to be reduced. Less energy is needed to move the electron from the 
valence band to the conduction band. The lower energy required will correspond to the 
wavelength of the visible light (Figure 1). This has prompted researchers to investigate 
various ways in which the band gap might be shifted towards the visible part of the 
electromagnetic spectrum. A number of approaches have been suggested, and one of the 
most successful methods is the doping of non-metallic and metallic elements into the TiO2 
structure (Zaleska, 2008). These include metallic dopants such as Ag, Fe, V, Au and Pt, and 








Figure 1. Diagram illustrating free radical release when light is applied to N-TiO2 compounds 
(Ansari et al., 2016). Following nitrogen doping, there is reduction of intraband gaps created 
by the impurity, making it possible for visible light to excite the electrons residing in the 
valence band. 
 
Recent research has shown that the antimicrobial properties of TiO2 powder can be 
enhanced by doping silver (Ag) into the TiO2 structure (Chambers et al., 2017). The resulting 
powder was incorporated into a dental resin and the antimicrobial properties investigated. 
The study showed that Ag-TiO2 nanoparticles incorporated within a resin composite were 
able to produce a significant bactericidal effect when in contact with S. mutans under visible 
light conditions. However, the resin discs changed from white to grey after being exposed to 
visible light and this was felt to be an issue if it was to be used as an orthodontic bonding 
adhesive, particularly with aesthetic brackets. 
 
In addition, metal doping has been shown to have poor thermal stability, a low 
photocatalytic efficiency, has high recombinant rates and is costly as a result of the use of 
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noble and transition metals (Gosh and Das, 2015). This has led to non-metals being 
investigated as potential dopants.  
 
Non-metal dopants, namely carbon and nitrogen, have been shown to improve the 
photocatalytic performance and morphology of TiO2 (Daghrir et al., 2013; Asahi et al., 2014).  
Additionally, using nitrogen as dopant alters the hardness, elastic modulus, refractive index, 
and electrical conductivity of the TiO2 (Lu et al., 2007).  
 
With these features in mind, the aim of the current study was to produce an antimicrobial 
















3. AIM AND OBJECTIVES 
Aim 
• To develop a novel aesthetic resin composite using nitrogen-doped titanium dioxide 
(N-TiO2) filler that possesses antimicrobial properties against cariogenic bacteria. 
 
Objectives 
• To develop a TiO2 filler powder that can be activated within the visible light 
spectrum through the incorporation of nitrogen (N). 
• To determine the concentration of N within the TiO2 powder that produces the 
maximum release of reactive oxygen species under visible light. 
• To produce a resin composite that exhibits visible light photocatalytic properties by 
incorporation of N-TiO2 powder. 
• To investigate the aesthetic changes of resin composite containing a N-TiO2 filler 
under different lighting conditions. 
• To investigate the antimicrobial effects of resin containing a N-TiO2 filler on 









4. MATERIALS AND METHODS 
Two sets of experiments will be described in the materials and methods. The first set 
involved just fabrication and testing of N-TiO2 powders, and the second set involved the 
fabrication and testing of composite resin discs containing the different TiO2 powders and at 
different wt%. The materials and numbers of specimens in each case are illustrated in 
Tables 2, 3, and 4. 
 
4.1. Manufacture of N-TiO2 powder 
In order to produce N-TiO2 powder with differing concentrations of N-doping, four different 
urea concentrations were used, namely 0.125, 0.25, 0.375, and 0.5 g. The powders were 
produced using the following materials and methods. 
Materials and equipment 
• 25 ml porcelain crucibles with lid, Fisher Scientific UK Ltd, Loughborough, UK 
• Metal spatula, Fisher Scientific UK Ltd, Loughborough, UK 
• Disposable weighing boats, Fisher Scientific UK Ltd, Loughborough, UK 
• High temperature oven. Elite thermal system Ltd. Leicestershire, UK 
• Urea powder, Sigma-Aldrich, Gillingham, Dorset, UK 
• Titanium dioxide powder, Aeroxide™ P25, ACROS Organics™, Fisher Scientific UK Ltd 
Loughborough, UK 
• Ethanol reagent, Sigma-Aldrich, Gillingham, Dorset, UK 
• Agate pestle and mortar, Specac™, Fisher Scientific UK Ltd 
Loughborough, UK 
• Sartorius weighing machine (TE 1502S) Sartorius Mechatronics UK Ltd, Surrey, UK 
• 5mm diameter zirconia balls, Fisher Scientific UK Ltd, Loughborough, UK 
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• Speedmixer. DAC 150.1 FVZ-K. Synergy Devices Ltd, High Wycombe. 
Buckinghamshire, UK 
• 100 ml polyethylene jar 
Method 
Firstly, 1.0 g of TiO2 and 0.125 g of urea were separately measured using the Sartorius 
weighing scale and then manually ground using a pestle and mortar for 5 minutes. Following 
this, the mixture was transferred to a 100 ml polyethylene jar containing three 5 mm 
zirconia balls and was ground again, this time in a Speedmixer for 3 minutes at 2000 rpm, to 
produce a homogenous powder, before being transferred into a glass beaker containing 60 
mL of ethanol. This was magnetically stirred at 150 rpm until complete evaporation of the 
solvent occurred, before being transferred to a porcelain crucible with a lid and calcined in 
an oven at 380oC for 2 hours. Once cooled down to room temperature, the now pale-yellow 
sample was ground for a further 3 minutes at 2000 rpm using the Speedmixer. This was 
done as the powder tended to agglomerate following calcination. These steps were 
repeated with different urea loadings of 0.25, 0.375, and 0.5 g to produce four different 
concentrations of N-TiO2 powders (Table 2).  
 
4.2. Investigation of the band gap changes of N-TiO2 powders 
Materials and equipment 
• Shimadzu UV-2600 UV-Vis Spectrophotometer, Shimadzu UK Limited, Milton Keynes, 
UK 
• N-TiO2 powders (0.125, 0.25, 0.375, and 0.5 g urea treated) 
• Titanium dioxide powder, Aeroxide™ P25, ACROS Organics™, Fisher Scientific UK Ltd 
Loughborough, UK 
 46 
• Sample cup and glass rod, Shimadzu UK Limited, Milton Keynes, UK 
Method 
The band gap shift of each of the four N-TiO2 powders (Table 2) was assessed by 
compressing 0.5 g of each powder into a sample cup using a clean glass rod (Figure 2). The 
sample cup was then placed in the integrating sphere attachment located in the 
spectrophotometer with the lid closed. The reflectance from the UV-Vis spectrophotometer 
was measured on each sample three times, at wavelengths ranging from 200 to 500 nm. An 
average reading of each sample was plotted on a line graph. The band gap of each of the 
four N-TiO2 powder was calculated using the Tauc plot method (Tauc, 1968).  
 
 
Figure 2. Pressed N-TiO2 powder in a sample cup. 
 
Figure 3. UV-Vis Spectrophotometer. 
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4.3. Investigation of the photocatalytic properties of undoped TiO2 and N-TiO2 powders 
under both light and dark conditions 
The N-TiO2 powders used in this experiment were again 0.125, 0.25, 0.375, and 0.5 g urea 
treated samples as described in section 4.1. Undoped TiO2 powder was used as a control. 
The experiment in this section was repeated twice. The first was under visible light 
conditions and the second, under dark conditions. For each repeat, readings obtained from 
the spectrophotometer were done three times for each sample (See Table 2).  
Material and equipment 
• TiO2 and N-TiO2 powders (0.125, 0.25, 0.375, and 0.5 g urea treated) 
• Shimadzu UV-2600 UV-Vis Spectrophotometer, Shimadzu UK Limited, Milton Keynes, 
UK 
• Lux light meter, DVM1300, Velleman, Gavere, Belgium 
• Rhodamine B dye, Sigma-Aldrich, Gillingham, Dorset, UK 
• Desk lamp with a standard LED daylight light bulb, 6500K, 220-240V, Anglepoise 
laboratories, UK  
• Magnetic stirring platform, Fisher Scientific UK Ltd, Loughborough, UK  
• Disposable pipettes, Fisher Scientific UK Ltd, Loughborough, UK 
• 50 ml beakers 
• Deionsed water 
• Measuring cylinder  
Method 
Rhodamine B dye solution with a concentration of 10 mg/L was prepared by dissolving 
0.005 g of Rhodamine B powder into 500 ml of deionised water. 0.25 g samples of the 
0.125, 0.25, 0.375, and 0.5 g of urea treated N-TiO2 powders and undoped TiO2 powder 
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were measured using the Sartorius weighing scale and added to separate glass beakers 
containing 50 ml of Rhodamine B dye. As a control, a separate beaker containing 50 ml of 
the Rhodamine B dye with no powder was prepared.  
 
Prior to irradiation, each of the suspensions in the beakers were placed on a magnetic 
stirring platform and agitated gently with a flea magnet at 150 rpm for 30 minutes under 
dark conditions to facilitate the establishment of the adsorption-desorption equilibrium. 
This was achieved by covering the beakers with aluminium foil. A glass slab was used to 
cover the beakers to prevent evaporation of the solutions. After equilibration, the foils 
covering the beakers were removed and an adjustable desk lamp, used as the source of 
visible light, was positioned above the beakers at 2000 lux. The intensity of light was 
measured using a lux meter measured with a photodetector placed underneath the light 
source, at the same level as the Rhodamine B dye. The position of the lamp was adjusted 
relative to the Rhodamine dye level until the display on the meter reached 2000 lux.  
 
While the solutions were exposed to the visible light, three samples of 3ml aliquots were 
withdrawn every 30 minutes, for 4 hours, from each beaker using a disposable pipette. Each 
collected solution was then dispensed in a plastic cuvette for absorption analysis on a UV-
Vis spectrophotometer over a wavelength range of 200 to 500 nm. An average of the 3 
readings was calculated for each solution and plotted on a line graph. Once the analysis by 
the spectrophotometer was completed, the solutions in the cuvette were transferred back 
to their respective beakers. The entire experiment was repeated again this time under dark 
conditions (Table 2). 
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0.125 1 - - 
0.250 1 - - 
0.375 1 - - 
0.500 1 - - 
4.2 
0.125 1 3 - 
0.250 1 3 - 
0.375 1 3 - 
0.500 1 3 - 
4.3 
0.125 1 3 2 
0.250 1 3 2 
0.375 1 3 2 
0.500 1 3 2 
 
Table 2. The materials, number of samples, spectrophotometer readings and repeats (light 
and dark conditions) for each of the experiments 4.1, 4.2, and 4.3. In each case the initial 
powder contained 1 g of TiO2. 
 
4.4. Preparation of N-TiO2 filled resin composite and colour assessment 
In order to assess the effect of filler content on the colour of the resin discs, not only were 
the four different types of N-TiO2 powders used, but the wt% loading of one of the powders 
within the resin (0.125 g urea treated) was also altered (Table 3). 
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Materials and equipment 
• Disc-shaped silicone moulds 
• 100 ml polyethylene jar  
• N-TiO2 powder (0.125, 0.25, 0.375, and 0.5 g urea treated) 
• Disposable pipette, Fisher Scientific UK Ltd, Loughborough, UK 
• Speedmixer. DAC 150.1 FVZ-K. Synergy Devices Ltd, High Wycombe. 
Buckinghamshire, UK 
• Dental curing light, CU 100A, TPC Advanced Technology, California, USA 
• Diurethane dimethacrylate (UDMA), Sigma-Aldrich, Gillingham, Dorset, UK 
• Triethylene glycol dimethacrylate (TEGDMA), Sigma-Aldrich, Gillingham, Dorset, UK 
• Ethyl 4-(dimethylamino) benzoate (4-EDMAB), Acros Organics, Fisher Scientific UK 
Ltd, Loughborough, UK  
• Camphorquinone (CQ), Sigma-Aldrich, Gillingham, Dorset, UK  
• Shade guide, VITA classical A1-D4, VITA Zahnfabrik, Germany 
• Nikon DSLR Camera, 1/125s shutter speed, ISO 100, 100mm focal length, Nikon, 
D7200, Nikon Corporation, Japan 
Method 
In the preparation of the N-TiO2 filled resin composite samples, a TEGDMA/UDMA resin 
mixture (50:50 wt/wt) containing the photoinitiator system CQ (0.2 wt%) and 4-EDMAB (0.8 
wt%) was used. The measured TEGDMA was dispensed into a custom Speedmixer 100 ml 
polyethylene jar and heated in a water bath at 40oC for 10 minutes. The photoinitiating 
system was added to the same polyethylene jar containing TEGDMA and spun using a 
Speedmixer for 5 minutes at 3000 rpm. UDMA was then added to the resin and 
photoinitiator system mixture and spun again for 3 minutes at 3000 rpm to ensure the 
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mixture was well dispersed. Finally, 1 wt% of 0.125 g of urea treated N-TiO2 powder was 
added and mixed at 3000 rpm for 3 minutes in the Speedmixer.  
 
Using a disposable pipette, the solution was then dispensed into silicone moulds to produce 
disc-shaped N-TiO2 filled resin samples. The resin solution was irradiated using a dental 
curing light for 30 s to set the resin. The curing light was placed as close to the resin surface, 
but without touching it, while curing took place. Each disc had a diameter of 10 mm and a 
height of 1 mm. These steps above were repeated to manufacture resin discs containing 3, 
5, 7, and 9 wt% of 0.125 g urea treated N-TiO2 powder (Table 3). Increasing the powder 
content in the resin disc would increase the amount of N-TiO2 exposed per unit surface 
area, therefore permitting more free radical release and higher photocatalytic activity. 
 
To compare the effect of different initial urea loadings and therefore degrees of N-doping of 
the TiO2 powders on the aesthetics of the resin discs, discs containing 0.25, 0.375, and 0.5 g 
of urea treated N-TiO2 at 9 wt% were also manufactured using the same method as above 
(Table 3). The colour of each disc was compared visually with a shade guide immediately 
post-curing under natural sunlight. The shade that was observed closest in colour match to 
the shade guide was placed next to the disc over a black background and a photograph was 
taken using a digital camera. The colour assessment was repeated again 3 days later, by the 







N-TiO2 filled resin disc (g 
of urea loading) 
Number of Samples 
1 wt% 3 wt% 5 wt% 7 wt% 9 wt% 
4.4 
0.125 1 1 1 1 1 
0.250 - - - - 1 
0.375 - - - - 1 
0.500 - - - - 1 
 
Table 3. The N-TiO2 filled resin discs with different urea loadings and wt% as used in 
Experiment 4.4. 
 
4.5. Preparation of N-TiO2 filled resin discs with different surface treatments 
In this part of the experiment, the effect of different resin disc surface treatments on free 
radical release, colour change under visible light, and antimicrobial activity were 
investigated.  
Materials and equipment 
• Tegrapol -15 polishing machine, Struers Ltd, Rotherham, UK 
• Plasma Cleaner, Pico, Type A, Diener electronic GmbH + Co. KG, Germany 
Method 
0.125 g urea treated N-TiO2 filled resin discs at 1,3,5,7, and 9 wt% were subjected to one of 
the following surface treatment methods listed below. These surface treatments were done 
to see if they would enhance the release of free radicals and photocatalytic activity as more 
N-TiO2 powder should be exposed at the resin surface. The number of samples and the 
types of treatment the discs were exposed to are summarised in Table 4 and were also used 
in experiment 4.6. 
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A: No surface treatment (unpolished surface) 
B: Plasma treatment only 
C: Surface polish only 
D: Surface polish and plasma treatment 
 
Resin discs in the as-prepared condition were the unpolished samples. For the samples 
requiring plasma treatment, the discs were placed into a Diener Plasma Cleaner, powered to 
200 W at 50 kPa for 30 minutes. In the case of the surface polished samples, they were 
polished using a Tegrapol -15 polishing machine with 1200 grit paper, for 15 seconds at 150 
rpm. Samples subjected to both surface treatments were polished first using this same 
method before undergoing the plasma treatment. 
 
4.6. Testing free radical release of N-TiO2 filled resin composite at different nitrogen 
loadings with different surface treatments 
Materials and equipment 
• Measuring cylinder 
• Deionised water 
• 5ml beakers 
• 20 ml glass vials 
• 0.125 g urea treated N-TiO2 filled resin discs (1, 3, 5, 7, 9 wt%)  
• Disposable pipette, Fisher Scientific UK Ltd, Loughborough, UK 
• Shimadzu UV-2600 UV-Vis Spectrophotometer, Shimadzu UK Limited, Milton Keynes, 
UK  
• Rhodamine B dye, Sigma-Aldrich, Gillingham, Dorset, UK 
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Method 
Rhodamine B dye solution with a concentration of 10 mg/L was prepared by dissolving 
0.005 g of Rhodamine B powder in 500ml of deionised water. 10 ml of the dye solution was 
pipetted into four separate 20 ml glass vials.  
 
Each sample containing 1 wt% of 0.125 g urea treated N-TiO2 powder with surface 
treatments A, B, C and D was respectively added to four glass vials containing the dye 
solution. Prior to irradiation, the samples were left under dark conditions by covering the 
beakers with aluminium foil to establish adsorption-desorption equilibrium. After 
equilibration, the foils covering the beakers were removed and an adjustable desk lamp was 
positioned above the glass vials at an intensity of 2000 lux. The method used to measure the 
light intensity was as described in section 4.3. 
 
A glass slab was used to cover the glass vials to prevent evaporation of the solutions. While 
the solutions were exposed to the visible light, three samples of 2 ml aliquots were 
withdrawn every 24 hours for 5 days from each glass vial using a disposable pipette and 
dispensed into a plastic cuvette for absorption analysis by a UV-Vis spectrophotometer over 
a wavelength range of 200 to 500 nm. Once the absorbance was measured, the solutions 
were then returned to their original glass vials. An average of the 3 readings was calculated 
for each solution and plotted on a line graph. The entire procedure was repeated for the 3, 





4.7. Investigating the effects of visible light on the colour of N-TiO2 filled resin  
Materials and equipment 
• Dental curing light, CU 100A, TPC Advanced Technology, California, USA 
• Desk lamp with a standard LED daylight light bulb, 6500K, 220-240V, Anglepoise 
laboratories, UK  
• Shade guide, VITA classical A1-D4, VITA Zahnfabrik, Germany 
Methods 
In this section, visible light from an LED light source and a dental curing light were applied to 
the surface of the resin discs. This experiment was done on one unpolished sample 0.125 g 
urea treated N-TiO2 filled resin at each wt% (Table 4). Each sample was placed on a flat 
surface and a desk lamp with a standard LED light source placed directly above at 2000 lux 
for 30 seconds. The samples were immediately compared with a shade guide under natural 
sunlight and any change in colour after light exposure was recorded with a digital camera. 
 
The steps above were repeated with a dental curing light on a new set of samples. The 
dental curing light emits a different wavelength within the visible light region and is used 
clinically. Therefore, to investigate the effect of the colour change that could occur on 
exposure to the dental curing light, the blue light source was placed as close as possible to 
the surface of the resin sample, but without touching, for 30 s simulating the placement of 
the light clinically. Any change in colour was compared immediately after light exposure 











A B C D 
4.5 
1 2 2 2 2 - - 
3 2 2 2 2 - - 
5 2 2 2 2 - - 
7 2 2 2 2 - - 
9 2 2 2 2 - - 
4.6 
1 1 1 1 1 3 2 
3 1 1 1 1 3 2 
5 1 1 1 1 3 2 
7 1 1 1 1 3 2 
9 1 1 1 1 3 2 
4.7 
1 1 - - - - 2 
3 1 - - - - 2 
5 1 - - - - 2 
7 1 - - - - 2 
9 1 - - - - 2 
4.8 
0 9 9 9 9 3 2 
1 9 9 9 9 3 2 
3 9 9 9 9 3 2 
5 9 9 9 9 3 2 
7 9 9 9 9 3 2 
9 9 9 9 9 3 2 
 
Table 4. The materials, number of samples at different wt%, surface treatments, 
spectrophotometer readings and repeats (light and dark) for experiments 4.5, 4.6, 4.7, and 
4.8 (A-unpolished resin disc, B-Plasma treated resin disc, C-Polished only resin disc, and D-
Polished and Plasma treated resin disc). In each case the N-TiO2 filled resin disc was made 
using 0.125 g of urea. 
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4.8. Testing antibacterial properties  
The reduction of Rhodamine B dye under visible light conditions showed that TiO2 when 
calcined with urea at a high temperature can produce a powder with enhanced 
photocatalytic properties. However, what was still uncertain at this stage was whether or 
not the reactive oxygen species released were sufficient to have an effect on the growth of 
cariogenic oral bacteria, such as S. mutans. The potential antimicrobial properties of N-TiO2 
filled dental resins, at different wt% and surface treatments against S. mutans were tested 
as follows.  
 
The antibacterial activity of the resin discs was assessed by quantifying the viability of the 
bacterial cells attached to the disc. Bacterial viability was quantified by a colorimetric 
method using tetrazolium salts (XTT reduction assay, (2,3-Bis-(2-Methoxy-4-Nitro-5-
Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide). The metabolically active cells cleave the salt 
to form formazan dye (orange in colour) and this dye can then be quantified directly using 
spectrophotometry. The change in the colour is considered proportional to the number of 
metabolically active cells (therefore, live cells). 
 
The number of disc samples used, surface treatments, and repeats conducted in 
experiments 4.8.1, 4.8.2, and 4.8.4 are outlined in Table 4. 
 
Materials and equipment 
• S. mutans frozen stock UA159, University of Bristol, UK 
• Frozen XTT stock (1 mg/mL), University of Bristol, UK 
• Brain Heart Yeast broth (BHY) 
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• Sterilised deionised water  
• Tweezer 
• 24-well cell culture plate  
• Phosphate buffer solution (PBS)  
• 30ml Falcon tubes, Fisher Scientific UK Ltd, Loughborough, UK 
 
• Acetone reagent, Sigma-Aldrich, Gillingham, Dorset, UK 
• Menadione, Sigma-Aldrich, Gillingham, Dorset, UK 
• Eppendorf tubes, Fisher Scientific UK Ltd, Loughborough, UK 
• Research micropipette. Eppendorf UK Ltd, Stevenage, UK 
• Lux light meter, DVM1300, Velleman, Gavere, Belgium 
• Hotplate stirrer, Stuart US152, Bibby Scientific, Staffordshire, UK 
• Autoclave steriliser, Omega Media, Prestige Medical Ltd, Blackburn, UK 
• Centrifuge, Rotina 380r. Hettich lab technologies, Massachusetts, USA 
• Desk lamp with a standard LED daylight light bulb, 6500K, 220-240V, Anglepoise 
laboratories, UK  
• Cell density measurer, WPA Biowave, Biochrom, Cambridge, UK 
 
4.8.1. Sterilising N-TiO2 resin discs 
Resin discs filled with 0,1,3,5,7, and 9 wt% of 0.125 g urea treated N-TiO2 powder were 






Figure 4. Sterilisation of resin discs. 
 
Prior to antimicrobial testing, the discs were sterilised in a 200 ml glass bottle containing 
150 ml of 70% ethanol solution under stirring conditions, set at mark 2, for 2 minutes. The 
discs were then washed by stirring them in sterilised distilled water for a further 2 minutes 
at the same speed. This washing process was repeated twice. Following this, the discs were 
then taken to the flow hood, which was initially sprayed with 70% ethanol and left to airdry 
for a few hours with the lid uncapped. 
 
4.8.2. Antimicrobial testing of N-TiO2 filled resin discs 
S. mutans was taken from the freezer in the Oral Microbiology Department at Bristol Dental 
School and left to thaw at room temperature. Once completely thawed, 10 μl of the stock 
was dispensed into a 30 ml universal bottle containing 15 ml of BHY broth and incubated 
anaerobically for 18 hours at 37oC for the bacteria to grow.  
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The following day, the inoculated broth was transferred into a 50 ml centrifuge tube and 
centrifuged for 5 minutes (20oC, 5000 rpm). After 5 minutes, the supernatant was discarded 
and 5ml of PBS was added to the pellet and resuspended. This wash process was repeated 
twice. After the final wash, the bacterial pellet was resuspended in 5 ml of BHY. Once 
suspended, the solution was titrated into an orange capped Perspex tube containing BHY 
broth and the optical density of the suspension was adjusted for 0.8 at 600 nm. A higher cell 
count as depicted by optical density 0.8 was used to provide a maximum number of cells to 
be attached to the discs within 1.5 hours, allowing a measurable effect to be obtained via 
XTT reduction assay.  
 
Two 24-well cell culture plates were prepared. One plate was to be exposed to visible light 
and the other kept in the dark. Nine unpolished samples (surface treatment A) of 0.125 g 
urea treated N-TiO2 at 1 wt% resin discs were placed in the separate wells of each culture 
plate. A micropipette was used to transfer 500 μl of the S. mutans suspension to each well 
containing the resin samples. Both plates were incubated aerobically in the dark for 1.5 
hours at 37oC.  
 
After the incubation, the supernatant was removed, and the discs were washed twice with 1 
ml of PBS to remove any unattached cells. After the second wash, 500 μl of fresh BHY was 
added to each well to provide fresh nutrients for the attached bacterial cells. The first 
culture plate was incubated under visible light at 2000 lux at room temperature and 
pressure for 4 hours (Figure 5). The second plate was kept at room temperature and 




Figure 5. Exposure of resin samples +/- bacteria in BHY media to LED light for 4 hours at 
2000 lux. 
 
4.8.3. XTT dye solution preparation 
While the well plates were left exposed to light and dark respectively for 4 hours, the XTT 
dye was prepared. Frozen XTT stock was thawed. Since XTT is sensitive to light, aluminium 
foil was used to cover the tube. Seven mg of menadione powder was dissolved in 1ml of 
acetone to produce 4000 µM of menadione solution. The tube was shaken by hand until the 
menadione was completely dissolved and diluted in sterile distilled water to produce a 
concentration of 40 µM. This final concentration of 40 µM menadione solution was used to 
prepare the dye. The final reaction solution of XTT was prepared by mixing 2 ml of XTT 
stock, 7.9 ml of PBS and 400 µl of freshly prepared 40 µM menadione solution. 
 
4.8.4. Viability of S. mutans measurement by XTT assay 
After 4 hours of exposure to visible light and dark respectively, each sample was carefully 
removed from the BHY medium with a pair of sterilised tweezers. Each disc was held on 
either side of the non-flat surfaces, and gently dipped into 1 ml of sterile PBS in a 24-well 
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plate. This process was done to remove any excess BHY on the disc without agitating the 
bacteria on the surface. Once the wash was done, the discs were then transferred into a 
clean 24-well plate. A micropipette was used to transfer 0.5 ml of the prepared XTT reaction 
solution to each well containing the disc bearing the grown bacterial cells and was left 
incubated aerobically at 37oC for 1 hour in the dark. After 1 hour, 0.2 ml of all the solutions 
from each well were transferred onto a 96 flat-bottomed well plate and the absorbance was 
measured using a microplate reader (iMark Microplate Reader, Bio-Rad) at 490 nm 
wavelength.  
 
This was repeated for the 0.125 g urea treated N-TiO2 resin disc samples with surface 
treatments B, C, and D at 3,5,7, and 9 wt% as per methods outlined in section 4.8.2, 4.8.3, 










5.1. Manufacture of N-TiO2 powder 
The manufacture of the N-TiO2 powder via calcination of urea and TiO2 at high temperature 
was carried out according to the protocol of Monteiro et al. (2015), starting with the manual 
grinding of the two powders together using just a pestle and mortar. However, even after 5 
minutes the mixture produced was not thoroughly homogenous. Therefore, a Speedmixer 
containing zirconia balls was used for just 3 minutes at 2000 rpm in order to produce a more 
uniform mixture. Initially, the mixing time was set for 5 minutes, but this produced a 
powder that was dark yellow in colour. The most likely reason for this yellowing was the 
high mechanical energy generated when mixing for more than 4 minutes, initiating a 
reaction between the urea and TiO2.  
 
Following calcination, agglomeration of the resultant powder in the crucible meant further 
grinding was required to create a powder with sufficient surface area to enable it to display 
photocatalytic activity. 
 
Figure 6 shows each of the N-TiO2 powders produced following calcination. It can be seen 
that as the urea loading increased, so the powder became yellower and darker in colour 
when compared to the undoped TiO2. Despite this change in colour, it was not considered 
to be sufficient to affect their potential use for aesthetic purposes. When exposed to 




Figure 6. Examples of the N-TiO2 powders produced following calcination. From left to right: 
undoped TiO2, 0.125 g, 0.250 g, 0.375 g and 0.5 g urea treated TiO2. 
 
5.2. UV/Vis spectrometry of undoped TiO2 and N-TiO2 powders 
A line graph plotted from the readings obtained from the UV/Vis spectrophotometer shows 
the reflectance of the undoped TiO2 and the different N-TiO2 powders at wavelengths 
between 200 and 500 nm (Figure 7).   
 
 
Figure 7. UV/Vis spectrometry readings for each of the undoped TiO2 and N-TiO2 powder 










































































It can be seen that the overall trend was similar for all the samples. For the undoped TiO2, 
the reflectance started with a baseline value of 2.69% at 200 nm. No change in reflectance 
was observed between 200 and 312 nm. A further increase in wavelength resulted in a 
sharp reflectance increase by 65.7%, reaching 86.5% at 417 nm. A plateau was observed as 
the wavelength continued to increase from 417 to 500 nm.  
 
For the sample treated with 0.125 g urea, no change in reflectance was again observed 
between 200 and 312 nm wavelength. There was a sharp increase in reflectance between 
312 and 417 nm before changing to a slow increase to reach a maximum value of 86.5% at 
500 nm.  
 
Similarly, for the samples at 0.25, 0.375 and 0.5 g urea loading, the reflectance remained 
fairly constant at 2.69% between 200 and 312 nm. The trend remained the same whereby a 
rapid increase in reflectance was observed until 417 nm, although by varying amounts 
depending on the nitrogen loading. This was followed by a slow increase until 500 nm was 
reached. From the graph, it was observed that the 0.25, 0.375, and 0.5 samples showed an 
increase in reflectance by 46, 49, and 68% respectively.  
 
On increasing the nitrogen content, the reflectance spectrum was subjected to a red shift 
towards the visible light region. For example, at 30% reflectance, light of longer wavelengths 





5.3. Calculation of band gap using Tauc plots 
A Tauc plot is a method commonly used for the measurement of band gaps. The following 
mathematical expression suggested by Tauc (1968) was used: 
 
(hνα)1/n = A(hν - Eg) 
 
Where: 
h: Planck’s constant 
ν: Frequency of vibration 
α: Absorption coefficient 
Eg: Band gap 
A: Proportional constant 
 
The value of n denotes the nature of the sample transition. Since indirect allowed transition 
was used in this experiment, n=2 was used in the calculation. 
 
The reflectance was analysed by converting the reflectance readings using the Kubelka-
Munk function given as F(R∞) (Tauc, 1968). This function is directly proportional to the 
absorption coefficient, α. α in the Tauc equation is substituted with F(R∞), and therefore the 
equation becomes: 
 
(hν F(R∞))1/2 = A(hν - Eg) 
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Based on this equation, line graphs of (hν F(R∞))1/2 against hν for the undoped TiO2 and N-
TiO2 with different urea loadings were plotted. The unit for hν is electron volts (eV). The 
band gap was determined from each line graph as the point of intersection at the x-axis by a 
line of best fit plotted on the steepest gradient from the Tauc plot (Figure 8). The calculated 
band gaps are shown in Table 5. 
 







Table 5. Band gap energy for the undoped TiO2 and N-TiO2 at different urea loadings (0.125 
to 0.5 g). 
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5.4. Investigation of the photocatalytic properties of TiO2 and N-TiO2 powder under 
light and dark conditions 
In this experiment the photocatalytic properties of each of the different N-TiO2 powders 
were investigated via their effect on Rhodamine B (Figure 9), along with the control 
undoped TiO2 and also Rhodamine B with no powder added.  
 
Figure 9. Absorbance (a.u.) over time under visible light conditions for N-TiO2 with different 
urea loadings (0.125 to 0.5 g). Undoped TiO2 and Rhodamine B (RhB) without the addition of 
a powder acting as the controls. 
 
It can be seen that the Rhodamine B dye showed no reduction in absorbance over the 4-
hour experimental period, with it remaining fairly constant at 0.45 a.u. Similarly, the 
undoped TiO2 powder showed no obvious change, fluctuating slightly between 0.79 to 0.95 






























Reduction of Rhodamine B dye over time under visible light 








When looking next at the results for the four N-TiO2 powders at 0 minutes, the absorbance 
was significantly lower at the start of the experiment than the undoped TiO2 powder, and by 
1.02 a.u.. Over the 4-hour experimental period this was then seen to reduce in each case, 
but by differing amounts. As the nitrogen doping of the powder increased (urea loading 
from 0.125g to 0.5g) the reduction in absorbance increased. After 4 hours of visible light 
exposure, samples with 0.125 and 0.25 g urea loadings reached absorbance values of 0.465 
and 0.457 a.u. respectively, which were slightly above the Rhodamine B control at 0.432 a.u. 
By contrast, the samples with 0.375 and 0.5 urea loadings continued to drop lower than the 
absorbance of the Rhodamine B control to reach 0.302 and 0.271 a.u. respectively. 
 
This experiment showed that TiO2 powder when doped with nitrogen produced a compound 
that has photocatalytic properties under visible light conditions and that the sample with 
the highest urea loading of 0.5 g had the most effective reduction of Rhodamine B. 
 
The same experiment was repeated under dark conditions to determine if the observed 
effects illustrated in Figure 9 were due to the photocatalytic activity of the N-TiO2 powder. It 
can be seen in Figure 10, under dark conditions, there was no observed change in 
absorbance of the undoped TiO2, N-TiO2 or Rhodamine B dye only control. This was 
expected as TiO2 in Rhodamine B dye only releases the reactive oxygen species under UV 




Figure 10. Absorbance (a.u.) over time under dark conditions for N-TiO2 powder with 
different urea loadings (0.125 to 0.5 g). Undoped TiO2 powder and Rhodamine B (RhB) 
without the addition of a powder acting as the controls. 
 
5.5. Preparation of N-TiO2 filled resin composite and colour assessment 
In this experiment the effect of increasing the wt% of N-TiO2 on the colour of 
TEGDMA/UDMA resins discs was investigated. Figure 11 shows the effect of increasing the 
wt% from 0 up to 9% N-TiO2 powder created using 0.125 g urea loading.  
 
Figure 11. Unpolished TEGDMA/UDMA resin discs with increasing content of N-TiO2 from 




























Reduction of Rhodamine B dye over time under dark 








It can be seen that increasing the content of powder from 0 to 9 wt% increased the 
yellowness and darkness of the set resin. During the fabrication of the resin discs the 
viscosity of the final mixed resin composite also appeared to increase with increasing 
powder content, although this was not formally tested. Sedimentation of the powder was 
also noted towards the base of the polyethylene jar and within approximately 10 seconds 
after mixing into the resin. Such settling of the powder at the base of the resin disc was 
considered a potential problem as it would affect the number of particles that would be 
exposed at the resin surface. To reduce this sedimentation effect, the silicone mould was 
immediately filled with the resin as soon as mixing was completed, and rapid setting was 
achieved by using a dental curing light.  
 
Increasing the nitrogen content in the TiO2 changed the colour of the resin from a pale 
yellow to a darker yellow with an underlying grey-ish hue. Even so, the aesthetic of the resin 
produced was comparable to the Vita Classic shade guide as seen in the picture below 
(Figure 12). The picture was taken immediately after the resin was cured. Each of the filled 
resin discs maintained the same shade even after 3 days post-curing. 
 
 
Figure 12. Colour comparison between Vita Classic shade guide and unpolished N-TiO2 filled 
resin discs with increasing urea loading (0.125 to 0.5 g) at 9 wt%. From left to right; shade 
A1, 0.125 g urea treated N-TiO2 disc, shade B1, 0.25 g urea treated N-TiO2 disc, shade B2, 
0.375 g urea treated N-TiO2 disc, shade C3, 0.50 g urea treated N-TiO2 disc. 
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5.6. Free radical release of N-TiO2 filled resin at different nitrogen loadings with 
different surface treatments 
To assess the effect of different concentrations and surface treatments on the 
photocatalytic activity of the nanofilled resin samples, the dental resin was incorporated 
with 1, 3, 5, 7, and 9 wt% of the 0.125 g urea treated N-TiO2 powder and were subjected to 
surface treatments A unpolished, B unpolished but plasma treated, C polished, and D 
polished and plasma treated.  
 
Figure 13 shows the reduction of Rhodamine B dye when 1 wt% of 0.125 g urea treated N-
TiO2 filled resin discs with four different surface treatments were exposed to visible light for 
120 hours. Overall, there was a gradual decrease in absorbance over time for all surface 
treatments. After 120 hours, the unpolished sample (A) showed the least reduction, 






Figure 13. The effect of resin surface treatment on the reduction of Rhodamine B (RhB) dye 
under visible light over time at 1 wt% of 0.125 g urea treated N-TiO2. 
 
At 3 wt% of N-TiO2 powder in resin the general trend of the graph showing reduction of 
Rhodamine B over time (Figure 14) similar to that seen with the 1 wt% specimens. Overall, 
there was a decrease in absorbance over time for all surface treatments. There was a steady 
drop in absorbance observed for surface treatments A, B, and D after 48 hours. By contrast, 
the absorbency started to decrease earlier, at 24 hours, for surface treatment C and was the 
lowest between 24 and 72 hours, before being overtaken by treatment D, as can be seen in 
the graph by the rapid drop in absorbance between 72 to 120 hours. After 120 hours, the 
reduction was greatest for treatment D, the polished and plasma treated sample, followed 
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1 wt% of N-doped TiO2 at different surface treatments
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
Polished & Plasma (D)
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Figure 14. The effect of resin surface treatment on the reduction of Rhodamine B (RhB) dye 
under visible light over time at 3 wt% of 0.125 g urea treated N-TiO2. 
 
At 5 wt% of N-TiO2 filled resin, the general trend showed there was a decrease in 
absorbance over time for all surface treatments (Figure 15). Between 0 to 24 hours, surface 
treatments C and D reduced the Rhodamine B dye at approximately the same rate. 
However, for treatment C between 24 to 48 hours, there was a rapid and unexpected 
increase in absorbency from 1.352 to 1.363 a.u before dropping sharply after 48 hours. 
Once again, after 120 hours of visible light exposure, surface treatment D showed the 




















Reduction of Rhodamine B under visible light over time at 
3 wt% of N-doped TiO2 at different surface treatments
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
Polished & Plasma (D)
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Figure 15. The effect of resin surface treatment on the reduction of Rhodamine B (RhB) dye 
under visible light over time at 5 wt% of 0.125 g urea treated N-TiO2. 
 
At 7 wt% of N-TiO2 filled resin, the general trend showed there was a decrease in 
absorbency over time for all samples (Figure 16). Surface treatment A reduced more dye 
than B for the first 48 hours. However, the absorbance value for surface treatment B was 
lower than A between hours 48 to 120. Similar to the results obtained with the 1 wt%, 3 
wt% and 5 wt% N-TiO2 materials with the different surface treatments (Figures 13, 14 and 
15), after 120 hours of visible light exposure, surface treatment D reduced the most dye 




















Reduction of Rhodamine B under visible light over time at 
5 wt% of N-doped TiO2 at different surface treatments
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
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Figure 16. The effect of resin surface treatment on the reduction of Rhodamine B (RhB) dye 
under visible light over time at 7 wt% of 0.125 g urea treated N-TiO2. 
 
At 9 wt% of N-TiO2 filled resin, there was a decrease in absorbance over time for all surface 
treatments (Figure 17). A rapid drop in absorbance can be observed for treatments A, B and 
C after 48 hours of visible light exposure, and even earlier at 24 hours for treatment D, 
polished and plasma treated. After 120 hours of visible light exposure, surface treatment D 
had the lowest absorbance value of 0.352 a.u. followed by C, B, and A with readings of 





















Reduction of Rhodamine B under visible light over time at 
7 wt% of N-doped TiO2 at different surface treatments
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
Polished & Plasma (D)
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Figure 17. The effect of resin surface treatment on the reduction of Rhodamine B (RhB) dye 
under visible light over time at 9 wt% of 0.125 g urea treated N-TiO2. 
 
When the wt% of the 0.125 g urea treated N-TiO2 is plotted against absorbance for each of 
the four surface treatments at 120 hours, as shown in Figure 18, it can be seen the 
reduction in absorbance increases with increasing wt%. This trend is seen with all four 
























Reduction of Rhodamine B under visible light over time at 
9 wt% of N-doped TiO2 at different surface treatments
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
Polished & Plasma (D)
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Figure 18. The effect of wt% on 0.125 g urea treated N-TiO2 in the resin and surface 
treatment on the reduction of Rhodamine B (RhB) dye after 120 hours of visible light 
exposure. 
 
5.7. Effects of visible light on N-TiO2 
One of the main concerns regarding the pilot experiment done by Chambers et al. (2014) 
was the colour change of the silver-doped TiO2 filled resin discs from white to grey on 
exposure to visible light. This grey discolouration was considered to be an issue if this were 
to be used with aesthetic orthodontic brackets. 
 
In the current study, following exposure to visible light for 30s at 2000 lux, no colour change 
was observed in any of the unpolished resin samples. By contrast, upon re-exposure to the 
blue light emitted by the dental curing light, a pale blue colour was observed on the surface 
of the exposed discs. This was of concern, as the discolouration could shine through if used 





















Content of nitrogen-doped TiO2 (wt%)
Reduction of Rhodamine B dye at different wt% of N-
doped TiO2 after 120 hours of visible light exposure
Unpolished (A)
Unpolished & Plasma (B)
Polished (C)
Polished & Plasma (D)
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of the filler particles (Figure 19). Interestingly, the blue discolouration only lasted about 60 
minutes for the resin containing 1 wt% filler before starting to gradually fade. A similar 
observation was found for the resin discs samples with filler particles at higher wt%, 





Figure 19. Discolouration on unpolished N-TiO2 resin discs after 30 s exposure to a dental 
curing light. From left to right 1, 3, 5, 7, and 9 wt% 0.125 g urea treated N-TiO2 filled resin 
discs. 
 
5.8. Antibacterial properties of N-TiO2 filled resin discs 
The data on cell viability on contact with the resin surface was analysed using SPSS statistics 
package (IBM Corp, Armonk, USA) with a predetermined significance level of α=0.05. 
Summary statistics are presented as means, standard deviations, 95% confidence intervals 
of the mean, medians, maxima and minima (Table 6). The samples used were tested for 
normality using the Shapiro Wilks test and in most instances were found to be normally 
distributed. As a result, within each data set Student’s t-test was used to compare the 
groups.  
 
In the analysis of the dye using spectrophotometry the units are absorbance, which are 
directly proportional to the number of viable cells. Therefore, the lower the absorbance, the 
lower the number of viable cells on the surface of the resin. 
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N Mean SD Min Max 95% CI Shapiro 
Wilks 
(P>z) 
Light 0 Unpol 9 0.071 0.003 0.068 0.074 0.069 0.073 0.040 
Light 0 Plas 9 0.073 0.002 0.069 0.075 0.071 0.074 0.492 
Light 0 Pol 9 0.072 0.001 0.071 0.073 0.072 0.073 0.055 
Light 0 Pol & Plas 9 0.072 0.001 0.071 0.073 0.072 0.073 0.025 
Light 1 Unpol 9 0.070 0.007 0.063 0.078 0.064 0.075 0.010 
Light 1 Plas 9 0.068 0.006 0.061 0.075 0.063 0.073 0.015 
Light 1 Pol 9 0.067 0.006 0.060 0.074 0.063 0.072 0.174 
Light 1 Pol & Plas 9 0.066 0.005 0.060 0.073 0.063 0.070 0.391 
Light 3 Unpol 9 0.067 0.003 0.063 0.071 0.064 0.069 0.136 
Light 3 Plas 9 0.067 0.008 0.055 0.077 0.061 0.073 0.272 
Light 3 Pol 9 0.057 0.004 0.051 0.061 0.054 0.060 0.024 
Light 3 Pol & Plas 9 0.054 0.005 0.049 0.063 0.050 0.058 0.181 
Light 5 Unpol 9 0.061 0.005 0.054 0.069 0.057 0.065 0.568 
Light 5 Plas 9 0.060 0.004 0.054 0.065 0.057 0.064 0.089 
Light 5 Pol 9 0.056 0.004 0.049 0.060 0.053 0.059 0.392 
Light 5 Pol & Plas 9 0.048 0.006 0.040 0.058 0.043 0.053 0.414 
Light 7 Unpol 9 0.059 0.005 0.053 0.067 0.055 0.063 0.456 
Light 7 Plas 9 0.057 0.005 0.049 0.063 0.053 0.060 0.921 
Light 7 Pol 9 0.052 0.004 0.046 0.057 0.049 0.055 0.448 
Light 7 Pol & Plas 9 0.045 0.006 0.036 0.055 0.040 0.050 0.980 
Light 9 Unpol 9 0.057 0.004 0.051 0.063 0.053 0.060 0.746 
Light 9 Plas 9 0.055 0.005 0.048 0.062 0.051 0.059 0.433 
Light 9 Pol 9 0.049 0.004 0.043 0.054 0.047 0.052 0.705 
Light 9 Pol & Plas 9 0.042 0.005 0.035 0.048 0.038 0.046 0.154 
Dark 0 Unpol 9 0.070 0.002 0.068 0.073 0.069 0.072 0.332 
Dark 0 Plas 9 0.073 0.002 0.068 0.075 0.071 0.075 0.031 
Dark 0 Pol 9 0.072 0.001 0.071 0.073 0.071 0.073 0.055 
Dark 0 Pol & Plas 9 0.072 0.001 0.071 0.073 0.071 0.073 0.025 
Dark 1 Unpol 9 0.068 0.002 0.066 0.071 0.067 0.070 0.255 
Dark 1 Plas 9 0.071 0.004 0.067 0.079 0.068 0.074 0.072 
Dark 1 Pol 9 0.069 0.002 0.066 0.071 0.067 0.070 0.011 
Dark 1 Pol & Plas 9 0.067 0.003 0.065 0.072 0.065 0.069 0.064 
Dark 3 Unpol 9 0.069 0.005 0.063 0.078 0.065 0.072 0.315 
Dark 3 Plas 9 0.069 0.008 0.059 0.081 0.063 0.075 0.452 
Dark 3 Pol 9 0.070 0.005 0.063 0.075 0.066 0.074 0.102 
Dark 3 Pol & Plas 9 0.070 0.004 0.064 0.075 0.067 0.074 0.087 
Dark 5 Unpol 9 0.068 0.005 0.058 0.074 0.065 0.072 0.233 
Dark 5 Plas 9 0.070 0.004 0.063 0.075 0.066 0.073 0.427 
Dark 5 Pol 9 0.065 0.003 0.060 0.069 0.063 0.067 0.735 
Dark 5 Pol & Plas 9 0.061 0.003 0.056 0.065 0.059 0.063 0.767 
Dark 7 Unpol 9 0.067 0.003 0.064 0.073 0.065 0.070 0.356 
Dark 7 Plas 9 0.067 0.004 0.059 0.073 0.064 0.071 0.620 
Dark 7 Pol 9 0.064 0.005 0.058 0.072 0.060 0.067 0.505 
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Table 6. Summary data of the effect of light exposure, surface treatments (unpolished, 
polished, plasma treated, polished and plasma treatment), and different wt % (0-9 wt%) of 
0.125 g urea treated N-TiO2 powder on the absorbance presented as means, standard 
deviation, minima, maxima, standard error, 95% confidence intervals. 
 
The bar charts (Figure 20) showed the effect of light exposure, surface treatments and N-
TiO2 at differing wt% content within the resin discs on the mean absorbance. On light 
exposure, as the powder concentration increased from 0 to 9 wt%, the absorbance fell by 
8.4% for the unpolished samples followed by samples that were plasma treated, polished, 
and polished with plasma treatment with reductions of 24.7%, 31%, and 41.7% respectively. 
The results also showed that increasing the wt% of powder in the discs reduced the 
absorbance, with the lowest absorbance seen with the 9wt% of powder and the highest 
absorbance for the resin discs without any added powder for all surface treatments. There 
was a significant difference in absorbance between samples left in light and dark conditions 
for all surface treatments, but not for all wt%. Upon light exposure, the unpolished samples 
showed a significant reduction (p=0.05) in absorbance at 7 and 9 wt%, whereas the plasma 
treated samples showed a significant reduction at 5, 7, and 9 wt%. At 3, 5, 7, and 9wt%, light 
exposure had a significant effect on the absorbance for samples that were both polished 
and plasma treated. Overall, exposure to light and increasing the concentration of powder 
had the effect of reducing the absorbance for both untreated and treated surfaces. 
 
Dark 7 Pol & Plas 9 0.061 0.005 0.055 0.070 0.057 0.065 0.433 
Dark 9 Unpol 9 0.065 0.003 0.061 0.070 0.063 0.068 0.333 
Dark 9 Plas 9 0.065 0.004 0.059 0.070 0.061 0.068 0.374 
Dark 9 Pol 9 0.062 0.003 0.059 0.067 0.060 0.065 0.159 
Dark 9 Pol & Plas 9 0.061 0.003 0.058 0.065 0.059 0.063 0.382 
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The bar charts in Figure 21 show the absorbance observed for the resin disc samples 
exposed to different surface treatments at different wt% powder concentrations under light 
conditions. Overall, treating the surfaces of the resin discs had an effect in reducing the 
absorbance under light conditions, although by varying amounts.  
 
At 0 wt% powder concentration, no obvious change in absorbance was observed between 
the different surface treatments. There was a reduction in absorbance for samples that 
were surface treated (plasma, polished, and polished with plasma treatment) at 1 wt%. 
However, this was not statistically significant (p=0.05) when compared with the untreated 
(unpolished) samples. As the powder concentration increased from 1 to 9 wt%, samples that 
had both surface treatments (polished and plasma) had the lowest absorbance value, 
whereas the untreated (unpolished) samples had the highest absorbance. The samples that 
were polished and that received both types of surface treatments (polished and plasma) 
had a significant absorbance reduction compared to the unpolished samples at 3, 5, 7, and 9 
wt% powder concentration. Plasma treated samples also showed a reduction in absorbance 
at 1, 3, 5, 7, and 9 wt%. However, these reductions were not statistically significant.  
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Figure 20. Bar charts of the absorbance observed for 0.125 g urea treated N-TiO2 resin disc samples with different wt% powder concentrations 
(0-9 wt%), exposed to different surface treatments (unpolished, plasma treated, polished, and polished with plasma treatment) under light and 
dark conditions. The asterisks indicate statistically significant differences (p<0.05) between light and dark conditions of samples with the same 
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Figure 21. Bar charts of the absorbance observed for 0.125 g urea treated N-TiO2 resin disc samples exposed to different surface treatments 
(unpolished, plasma treated, polished, and polished with plasma treatment) at different wt% powder concentrations (0-9 wt%) under light 
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Enamel decalcification and the methods used to reduce its incidence during orthodontic 
treatment has been the focus of considerable research in recent years (Ogaard et al., 2001; 
Brown et al., 2011; Pithon et al., 2015; Alabdullah et al., 2017). Various non-compliance 
methods that have been developed to try to reduce the incidence of WSL amongst 
orthodontic patients, but with limited success. Limitations have included poor material 
aesthetics (Chambers et al., 2014), lack of long term active agent release (Farret et al., 
2011), and minimal or no effect in reducing the incidence of WSLs (Doherty et al., 2002).  
 
A popular area in nanomaterials research is into the photocatalytic effects of TiO2, 
particularly enhancing its properties within the visible light spectrum by doping with 
another element. With this in mind, the main purpose of the current study was to 
manufacture a resin bonding adhesive containing N-TiO2 with antimicrobial properties that 
was also aesthetic and so could be used with aesthetic orthodontic brackets. 
 
6.1. Manufacture of N-TiO2 powder 
The method of N-TiO2 manufacture used in the present study was based on the protocol of 
Monteiro et al. (2015). Following mixing of the two powders, the urea was calcined with 
pure TiO2 powder at a high temperature of 380°C. This temperature was sufficiently high to 
decompose the nitrogen precursor, such that the nitrogen could be incorporated in the 
structure of TiO2 (Wu et al., 2010). However, it was also sufficiently low to prevent a 
decrease in the visible light absorption properties of the final material due to the higher 
presence of anatase phase in the crystalline structure. The crystalline phases, anatase and 
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rutile, significantly affect the photoactivity of the TiO2 with the rutile phase being less 
efficient in this respect than the anatase phase (Nasirian et al., 2018).  
 
At the very start of this research, the urea and TiO2 powder were manually ground together 
using a pestle and mortar followed by the use of a Speedmixer to produce a homogenous 
mix. The presence of zirconia milling balls when using the Speedmixer prevented clumping 
of the TiO2 particles. The process of grinding using a pestle and mortar followed by the 
Speedmixer is not only important to produce a homogenous mix, but also to promote the 
substitution of nitrogen at the oxygen lattice site within the TiO2 structure (Devi et al., 
2012). At room temperature, free energy barriers that exist within the TiO2 lattice prevent 
the nitriding reaction from taking place. However, by grinding the powders together, the 
free energy of the system is lowered as part of the mechanical energy of grinding was used 
to distort the lattice structure through the formation of oxygen defects. The oxygen defects 
increase the surface energy, which in turn decreases the activation energy sufficient for 
nitridation to occur. This diffusion of nitrogen generates the N-TiO2. The resultant powder 
contains residual organic substances, which are then removed through combustion by 
calcining the powder at a high temperature.  
 
6.2. Band gap shift of N-TiO2 using UV/Vis spectrophotometry 
Although the effect of nitrogen doping of TiO2 nanoparticles on the photocatalytic activity of 
the TiO2 is thought to be attributed to the modification of the morphology and lattice 
construction of TiO2 nanoparticles (Asahi et al., 2014), the precise process is not clearly 
understood. It is generally accepted that the mode of doping could be either substitutional, 
interstitial, or a combination of the two. Substitutional doping leads to surface modification 
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of the TiO2 through the attachment of nitrogen by intermolecular forces and involves 
oxygen replacement. By comparison, interstitial doping is thought to affect the lattice 
structure of the TiO2, as this requires the addition of the nitrogen into the TiO2 lattice. The 
location of nitrogen within the TiO2 structure is crucial to its role as a photocatalyst. Both 
substitutional and interstitial doping are thought to be essential in the reduction of the band 
gap of TiO2 (Ansari et al., 2016), and in moving it towards the visible spectrum of light. 
 
The reduction in band gap levels decreases the photon energy required for electron 
transition (Asahi et al., 2014). Therefore, the absorption spectrum shifts toward higher 
values (red shift) and the absorption peak intensities enter to the visible light spectrum. 
Trapped electrons rapidly react with their mobile counterparts. In this process, the 
activation energy will reduce and promote photocatalytic activity under visible light 
irradiation (Mrowetz et al., 2004). An enhanced photocatalytic capacity of TiO2 in the visible 
light region is obtained as the recombination efficiency of the electron-hole pairs is 
suppressed due to the alteration of the lattice structure in the presence of nitrogen. 
 
In the present study, the reflectance spectra of the N-TiO2 and pure TiO2 powders (Figure 7) 
were measured in the region of 200 to 500nm, which includes part of the visible spectrum 
(380-740 nm) (Starr, 2005). It can be seen that nitrogen doping of TiO2 resulted in 
absorption reaching well into the visible wavelength spectrum. The degree of absorption 
was concentration dependent. Adding more nitrogen precursor resulted in increased visible 
light absorbance. Therefore, for these samples, the modification of TiO2 with nitrogen 
resulted in a red shift of the absorbance region, which is consistent with the research 
published by both Livraghi et al. (2009) and Monteiro et al. (2015).  
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Diffuse reflectance UV/Vis was used to determine the absorbance of the solid powder as it 
cannot be measured directly. To calculate the band gap changes, the Kubelka-Munk 
function based on the work by Tauc (1968) was used to convert the readings to absorbance. 
Only then can the band gap values be calculated. As the nitrogen loading increased, the 
band gap values exhibited a tendency to red shift towards the lower wavelengths, which 
was in agreement with existing literature (Mekprasart et al. 2013). 
 
6.3. Photocatalytic properties of TiO2 and N-TiO2 powders under light and dark 
conditions 
In this study, the photodegradation of Rhodamine B dye by N-TiO2 and undoped TiO2 under 
visible light and dark conditions was investigated.  
 
The Rhodamine B dye used in this experiment is a redox indicator and previous work has 
shown that N-TiO2 can reduce Rhodamine B under visible light irradiation (Cong et al., 2007; 
Asahi et al., 2014; Ansari et al., 2016). It is an organic, water-soluble dye that is used widely 
in biotechnology applications and usually comes in a powdered form. It is easily dissolved in 
water to produce a fluorescent pink solution. Upon exposure to a reducing agent, the pink 
dye will turn colourless. The photodegradation mechanism of Rhodamine B involves the 
removal of the ethyl groups and breakage of the double bonds in the benzene ring structure 
of the dye by the ROS produced by the N-TiO2 particles. This leads to the degradation of the 




At the beginning of the experiment, the N-TiO2 powders in the Rhodamine B dye solution 
were left in the dark for 30 minutes to achieve an adsorption-desorption equilibrium. This is 
necessary in order to achieve saturation prior to investigating the potential photocatalytic 
activity of the N-TiO2 (Pichat, 1986). If this is not done, then the decrease in concentration of 
the dye will be due to adsorption and photocatalytic degradation rather than due to 
photocatalysis alone, leading to inaccurate measurement of the photocatalytic effects of 
the material under test.  
 
When looking at the results for the absorbance using the four different N-TiO2 powders with 
differing initial urea loadings and therefore degrees of nitrogen doping (Figure 8), it is 
obvious that the starting absorbance for all N-TiO2 samples were lower than the undoped 
TiO2 powder. The lower initial absorbance values were due to the size of the powder 
particles. The undoped TiO2 was finer than the N-doped powders (Rattanakam et al., 2009), 
and therefore dissolved more readily in the dye solution. Nevertheless, this study not only 
demonstrated the photocatalytic activity of the N-TiO2 powders, but also that it was more 
effective with increasing nitrogen loading. There was little difference in photocatalytic 
activity between the 0.375 g and 0.5 g urea treated powders. The control containing the 
undoped TiO2 powder showed no obvious change in readings throughout the entire 4 hours 
under visible light exposure, as the photocatalytic oxidation process of TiO2 is only activated 
by irradiation with UV light (Pawar et al., 2018). The LED light source used in this study did 
not emit UV radiation sufficient to activate free radicals release. Similarly, no change in 
absorbance was noted for all the samples left in the dark, with the absorbance values 
remaining at about 0.85 a.u.. The dark conditions provided insufficient energy for the 
electrons to overcome the large band gap to produce any photocatalytic reaction. No light is 
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available to photogenerate the holes and electrons needed to degrade the Rhodamine B 
dye (Lee et al., 2020). This result suggests that nitrogen doping of TiO2 enhances the 
photocatalytic degradation of Rhodamine B under visible light conditions compared to 
undoped TiO2, due to the reduced band gap energy. 
 
Previous research, looking at the effect of nitrogen doping on photocatalytic activity 
towards diphenhydramine degradation, found that photocatalytic activity increases up to a 
certain concentration, before decreasing due to the incomplete decomposition of the large 
doping nitrogen precursor content in the TiO2 matrix (Monteiro et al., 2015). Although there 
was little difference in the photocatalytic activity of the 0.375 g and 0.5 g urea treated 
powders in the present study, the work of Monteiro et al. (2015) used concentrations up to 
6 times higher than this when describing the same effect. 
 
6.4. Manufacturing of N-TiO2 filled resin composite 
An issue from the study by Chambers et al. (2014), using silver doped TiO2, was settling of 
the powder at the base of the resin discs. This was because chemically cured epoxy resin 
was used, which had to be left to cure overnight. In the current experiment it was therefore 
decided to use a light cured dental resin with two photoinitiators added, namely 
camphorquinone and 4-EDMAB. The disc samples were also smaller in this experiment, both 
in diameter and height, so that the bulk adhesive could be light cured rapidly throughout 
before any powder settling occurred.  
 
The recipe of the resin that was used in this experiment was based on the work done by 
Karabela and Sideridou (2011), and consisted of the following: 
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• Diurethane dimethacrylate (UDMA) 
• Triethylene glycol dimethacrylate (TEGDMA) 
• Ethyl 4-(dimethylamino) benzoate (4-EDMAB) 
• Camphorquinone (CQ) 
 
TEGDMA has a watery consistency compared to the thick and viscous UDMA. Therefore, to 
ensure the photoinitiators were well incorporated and dispersed in the bulk resin, they 
were firstly mixed with TEGDMA. Once fully combined, UDMA and finally the N-TiO2 powder 
were added to the mix and fully incorporated. It was decided that 3 minutes of mixing using 
the Speedmixer was enough to produce a well dispersed resin and powder mix. Initially, the 
mixture was spun for 5 minutes, but this generated a lot of heat that resulted in the colour 
of the N-TiO2 powder in the resin turning an even darker shade of yellow. This was due to 
the high mechanical energy generated during mixing, which accelerated further the 
nitridation of the TiO2, resulting in the change in colour (Yin et al., 2003). 
 
Once the N-TiO2 filled resin discs had set, the aesthetics were observed immediately after 
and again 3 days later, but no further colour changes were noted. Increasing the wt% of 
powder in the resin from 0 to 9 wt% did not alter the colour of the resin discs but did alter 
the degree of opacity. Resin discs with a lower powder content, e.g. 1 and 3 wt% were more 
translucent, which was perhaps to be expected. 
 
6.5. Photocatalytic properties of N-TiO2 filled resin discs 
One of the main objectives of this research was to produce an aesthetic N-TiO2 filled resin 
composite capable of photocatalysis under visible light. From the Rhodamine B dye 
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reduction experiment, the powder appeared to become darker with increased nitrogen 
loading. In the case of the sample with 0.125 g urea treated N-TiO2, it was chosen to be 
incorporated in the dental resin as it was the most aesthetic and produced the lightest pale-
yellow colour out of all the other samples. In addition, the reduction of Rhodamine B dye by 
this sample may just be enough to produce a visible and effective photocatalytic effect 
when combined with an unfilled dental resin. As such, the 0.125 g was used throughout the 
rest of this study.  
 
A concern during the investigation was whether sufficient free radicals would be released 
from the N-TiO2 powder once incorporated into the dental resin discs. Theoretically, it might 
be expected that the photocatalytic efficiency would be reduced, as most of the N-TiO2 
powder would be encased within the bulk of the solid resin block rather than at the resin 
surface. Increasing the concentration of N-TiO2 powder would therefore likely increase the 
number of particles per unit surface area exposed to the environment and thereby enhance 
the photocatalytic effect on the Rhodamine B dye. To test this, the concentration of N-TiO2 
powder in the discs was increased (1, 3, 5, 7, and 9 wt%). In addition, the effect of treating 
the resin surface was also investigated using four different surface treatments (unpolished, 
polished, plasma treatment, combined polishing and plasma treatment) to see if this would 
also affect the number of particles exposed and therefore the photocatalytic activity.  
 
Clinically, the unpolished resin represents the light cured resin composite during bonding of 
orthodontic brackets. Surface treatment by mechanical polishing can be done clinically by 
running a bur around the orthodontic bracket margins where the bonding resin is exposed 
to the oral environment. Alternatively, it may happen as a result of toothbrushing, although 
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this would rely on patient compliance. Unlike mechanical surface polishing, plasma 
treatment provides an alternative method of surface modification that is less abrasive and 
target specific. Bombardment of the surface of a polymeric resin with ionised oxygen 
molecules under low pressure preferentially removes the organic resin components of any 
composite, while leaving the filler particles in-situ (Mueller et al., 1993). In the current 
experiment, this would mean more N-TiO2 particles were likely to be exposed following 
plasma treatment and would explain the greater reactivity of the plasma treated surfaces 
compared to the untreated surfaces. The idea of plasma application is not new. Plasma 
treatment has shown promise in other dental applications including implant surface 
modification, root canal disinfection, and tooth bleaching to name a few. However, to date 
no such treatments are currently available to be used clinically (Cha and Park, 2014; Ranjan 
et al., 2017; Kim et al., 2018) as research has only been done in-vitro and in the early stages 
of investigations. 
 
Even though polishing and plasma treatment were found to be effective in enhancing 
photocatalytic in the current laboratory experiment, the practicality of polishing or plasma 
treating the thin composite layer underneath orthodontic brackets in the orthodontic clinic 
is questionable. Additional steps during bonding and later adjustment appointments would 
undoubtedly increase the overall time required and might not be readily accepted by the 
clinicians. However, the results of the present study were promising in that even at the 
lowest wt% of N-TiO2 of filler in unpolished resin discs, sufficient free radical release was 




6.6. Effects of visible light on N-TiO2 filled resin 
In this experiment, a temporary colour change of the filled resin discs occurred when they 
were re-exposed to the blue light emitted by the dental curing light. In contrast, no colour 
change was observed on exposure to the visible light from a LED desk lamp. This is most 
likely due to the different intensity of the lights. The intensity of the light emitted by the 
dental curing light was greater than the LED desk lamp. Fortunately, the pale blue colour 
observed was only temporary and might even be seen as an advantage when applied 
clinically, as it would potentially allow any resin flash to be identified and removed easily 
during orthodontic bonding or debonding. The colour change can be explained by the 
photoreduction of Ti4+ in the N-TiO2 structure to Ti3+ which gives the resin a blue 
discolouration (Xiong et al., 2012). After the discontinuation of the blue light exposure 
oxidation of Ti3+ will occur and over time the blue colour disappears.  
 
The idea of colour changing bonding agents is not new and current commercially available 
products include Blugloo composite by Ormco and Transbond Plus composite resin by 3M, 
Unitek. Prior to curing these adhesives are blue and pink respectively, but when a curing 
light is applied, they set and become a yellow white colour similar to many other dental 
composites. However, in the case of Bluegloo, if at the time of debond, following bracket 
removal, a curing light is again shone on the debonded tooth surface, any remnants of 
Bluegloo will turn blue once more, making their identification and subsequent removal easy.  
In the current experiment interestingly the colour change from pale yellow to blue was not 
observed during the initial setting of the unset resin composite with the dental curing light. 
It was only after the resin was set that the change in colour was noticed following re-
exposure to the blue light.  
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6.7. Antibacterial testing of N-TiO2 filled resin discs 
The photocatalytic effects of TiO2 on viable bacterial cells have been successfully evaluated 
using metabolic assay previously, and so the same approach was adapted for use in this 
study (Daula et al., 2013; Gyorgyey et al., 2016; Baby et al., 2017; and Fatani et al., 2017). 
This assay technique is based on a reduction of pale-yellow tetrazolium salt to a bright 
orange formazan dye by metabolically active cells. The cells produce mitochondrial 
dehydrogenase within their mitochondria, and it is this enzyme that facilitates the 
conversion of the tetrazolium to formazan. The intensity of the bright orange formazan is 
directly proportional to the number of viable cells on the surface of the resin and is 
quantified using a scanning multi-well spectrophotometer.  
 
In this study, the growth inhibition of S. mutans by N-TiO2 was calculated on the basis of the 
absorbance of the dye. The findings showed that as the wt% of the N-TiO2 filled resin discs 
increased, reduction in cell viability was observed under visible light conditions for all 
surface treatments. These findings are consistent with the results obtained from the 
reduction of the Rhodamine B dye described in section 5.6, which showed that the 
photocatalytic properties of N-TiO2 were not inhibited even after being enclosed in the resin 
matrix. A possible reason for this could be due to the resin block not being a fully enclosed 
system, whereby the presence of porosities within the resin matrix could potentially expose 
the nanoparticles to the environment (Balthazard et al., 2014). Following attachment of 
bacterial cells on the resin surface, reactive oxygen species produced in response to light 
exposure will have reacted directly with the cell membranes of the bacteria, promoting lipid 
peroxidation and DNA damage (Cai et al., 2013). This in turn will affect membrane 
permeability leading to cell death. Cell death reduces the production of mitochondrial 
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dehydrogenase, which decreases the conversion of the tetrazolium salt to formazan, giving 
rise to a lower absorbance reading. 
 
Under the dark conditions of this experiment, the absorbance was higher for the samples 
left in the dark for all wt % of N-TiO2 filled resin and surfaces. This suggests that more viable 
S. mutans were attached to the surface of the discs when left in the dark.  
 
As expected, surface treatment by polishing and plasma irradiation of the resin surfaces 
increased the amount of photocatalyst exposed at the surface of the discs, thus affecting 
the viability of cells that were in contact with the discs. The degree of reduction was greater 
for the discs that were mechanically polished rather than just plasma treated, suggesting 
that polishing the discs had a greater effect in enhancing the photocatalytic activity of the 
filled resin discs when compared to plasma. 
 
The current study investigated and developed an aesthetic antimicrobial free radical 
releasing resin-based composite, which displayed properties that may eventually be useful 
in orthodontics, particularly with aesthetic orthodontic brackets as light is able to pass 
through them directly to the antimicrobial adhesive. Indeed, such materials might also be 
useful in other areas of dentistry, e.g. in the provision of anterior composite resin 
restorations and in the manufacturing of polymeric orthodontic brackets. This photoinduced 
release of reactive oxygen species could be activated not only by natural daylight, at the 
front of the mouth, but could also be activated by the dentist or orthodontist at routine 
visits using just a dental curing light. The release of reactive oxygen species would have 
antibacterial effects on the cariogenic bacteria around the bracket periphery and may 
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reduce the prevalence of WSLs. However, this would not be a substitute for maintaining a 
good standard of oral hygiene, as the presence of a dense layer of plaque layer over the 
composite may itself reduce light penetration and therefore activation of free radical 
release by the composite. At completion of fixed appliance orthodontic treatment, the 
ability of the dental curing light to turn the N-TiO2 composite blue would be an added 





















The conclusions that can be drawn from this study are: 
• Nitrogen doping of TiO2 produced a compound with a reduced band gap that 
exhibited photocatalytic properties under visible light conditions. 
• Increasing the nitrogen loading enhanced the photocatalytic activity of N-TiO2. 
• N-TiO2 powder is pale yellow in colour, which when incorporated in resin produces 
an aesthetic adhesive composite material comparable to current commercially 
available dental composites. 
• The photocatalytic properties of N-TiO2 were still observed even after incorporation 
into dental resin. 
• Mechanical polishing and plasma irradiation enhanced the photocatalytic properties 
of the N-TiO2 filled resin discs. 
• N-TiO2 filled resin discs exhibited an antimicrobial effect when in contact with S. 











8. FURTHER WORK 
Further work might include investigating: 
• The effect of the N-TiO2 particles, in particular different filler loading on the physical 
properties of the adhesive resin, including compressive and tensile strength.  
• The minimum N-TiO2 filler loading required to produce sufficient photocatalytic activity 
to maintain the antibacterial properties, without compromising the physical properties of 
the adhesive. 
• This study was only limited to testing the antimicrobial effect on S. mutans. Therefore, it 
might be useful as a future study to look at the effects on other species of cariogenic 
bacteria, possibly also the inhibitory effect of N-TiO2 on cariogenic biofilm formation as 
well as the behavior of N-TiO2 filled resin on an orthodontic bracket in a simulated oral 
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